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Zusammenfassung 
Immunotherapien mit T-Zellen, die mit tumor-reaktiven Rezeptoren ausgestattet wurden, 
werden in Zukunft herkömmliche Krebstherapien komplementieren. Solide Tumore bestehen 
aus Krebszellen, die Moleküle der Haupthistokompatibilitätskomplexe (MHC, engl. major 
histocompatibility complex) der Klasse I (MHC I) exprimieren und umgebendem 
Stromagewebe, welches MHC I und II Moleküle exprimiert. Die Unfähigkeit aktueller 
Therapien solide Tumore abzustoßen könnte durch den gleichzeitigen Einsatz MHC I-
restringierter CD8+ (engl. cluster of differentiation) und MHC II-restringierter CD4+ T-Zellen 
überwunden werden. Geeignete Werkzeuge zur simultanen Erzeugung CD8+ und CD4+ T-
Zellen mit unterschiedlich restringierten tumor-reaktiven T-Zell-Rezeptoren (TZR) fehlen 
bisher. Das Ziel der vorliegenden Arbeit bestand darin, ein Vektorsystem zu entwickeln, das 
den simultanen Transfer verschiedener Transgene in CD8+ und CD4+ T-Zellen und dadurch 
die Herstellung eines immunotherapeutischen T-Zell-Produkts ermöglicht, welches aus zwei 
unterschiedlich modifizierten T-Zell-Subtypen besteht. 
 
Im ersten Teil der Arbeit wurde die auf der Masern-Virus-Hülle (MV) basierende Targeting-
Technologie von lentiviralen (LV) auf γ-retrovirale (gRV) Vektoren übertragen. Durch die 
Optimierung des Herstellungsprotokolls der Vektoren und den Einsatz spezifischer Varianten 
der MV-Glykoproteine konnte der Titer um das ca. 400-fache erhöht werden. 
 
Der zweite Teil dieser Arbeit beschreibt die Herstellung von Targeting-Vektoren, die 
spezifisch für murines CD4 (MVm4) oder CD8 (MVm8) sind. Deren Spezifität wurde zum 
einen durch die exklusive Expression des grün-fluoreszierenden Proteins (GFP) in CD4+ oder 
CD8+ Reporterzellen und zum anderen durch den Dosis-abhängigen Verlust des GFP-Signals 
nach Inkubation der CD4+ oder CD8+ Reporterzellen mit CD4- und CD8-blockierenden 
Antikörpern nachgewiesen. 
 
Im dritten Teil der Arbeit wird gezeigt, dass MVm8 aber nicht MVm4 T-Zellen aus 
C57BL/6 (B6)-Mäusen transduzieren kann. Jedoch sind beide Targeting-Vektoren in der 
Lage, T-Zellen aus BALB/c-Mäusen zu transduzieren. MVm8-vermittelter Transfer des 
Ovalbumin (OVA)-reaktiven TZRs OT-I hatte zur Folge, dass von B6-Mäusen stammende T-
Zellen OVA+ Tumor-Zelllinien erkannten und Interferon-γ sezernierten. 
 
Der vierte Teil dieser Arbeit beschäftigt sich mit der in vivo Transduktion primärer T-Zellen 
mithilfe von MVm8, welches den OT-I-TZR und eine Luciferase transferiert (MVm8/OT-I-
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luc). Zu diesem Zweck wurden Rag2-defiziente (engl. recombination-activating gene) B6-
Mäuse entweder mit polyklonalen (B6) oder monoklonalen T-Zellen, aus P14-TCR-
transgenen Mäusen (P14), repopuliert. Durch systemische Applikation von MVm8/OT-I-luc 
wurden die transferierten T-Zellen in vivo transduziert. Bildgebende Verfahren wiesen eine 
erfolgreiche in-vivo-Transduktion nach. Die stärksten luc-Signale wurden in Mäusen 
gemessen, die mit P14-T-Zellen repopuliert wurden. Durch Immunisierungen konnten 
antigen-spezifisches Homing, Expansion und Kontraktion in vivo transduzierter T-Zellen 
gezeigt werden. Mäuse mit starker OT-I-luc-Expression waren gegenüber einer Infektion 
durch OVA-transgene listeria monocytogenes (LM-OVA) geschützt. 
 
Zusammenfassend lässt sich sagen, dass das in dieser Arbeit entwickelte Vektorsystem in der 
Lage ist zwischen Subtypen von T-Zellen zu unterscheiden und sie simultan mit 
unterschiedlichen Transgenen auszustatten. Für MVm8 konnte gezeigt werden, dass es T-
Zellen direkt in vivo transduzieren kann, was möglicherweise zur Entwicklung neuer 
Therapieoptionen im Kampf gegen Krebs und pathogenen Infektionen führen kann. 
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Summary 
Immunotherapies using T cells modified with tumor-reactive receptors will in future 
complement current tumor treatments. Solid tumors consist of cancer cells, expressing major 
histocompatibility complex class I (MHC I) molecules and surrounding stromal tissue, 
expressing both MHC I and II. The inability of current treatments to reject solid tumors might 
be overcome with the simultaneous use of MHC I-restricted CD8+ (CD: cluster of 
differentiation) and MHC II-restricted CD4+ T cells, although tools for the generation of 
mixed cultures of CD8+ and CD4+ T cells, expressing differently restricted TCRs, are lacking. 
The aim of this thesis was to generate a vector system that allows the simultaneous transfer of 
different transgenes into CD8+ and CD4+ T cells, allowing the generation of a 
immunotherapeutic T cell product comprised of two differently engineered T cell subsets. 
 
The first part of the thesis describes the transfer of the measles virus (MV) envelope-based 
targeting technology from lentiviral (LV) to γ-retroviral (gRV) vectors. By optimizing the 
vector production protocol and using specific tail variant combinations of MV glycoproteins 
the titer could be enhanced approximately 400-fold. 
 
The second part reports the generation of two targeting vectors specific for murine CD4 
(MVm4) or CD8 (MVm8). The exclusive specificity of MVm4 and MVm8 was proven (i) by 
expression of green fluorescent protein (GFP) in CD4+ and CD8+ reporter cells, respectively, 
but not in CD4-CD8- cells after transduction, and (ii) by a dose-dependent loss of GFP signal 
after incubation of reporter cells with CD4 or CD8 blocking antibodies before transduction. 
Finally, MVm4 and MVm8 transferred different genes simultaneously in their respective 
target cells in mixed T cell cultures without loss of specificity. 
 
The third part shows that MVm8 but not MVm4 transduced primary C57BL/6 (B6)-derived 
T cells. Both targeting vectors were able to transduce primary BALB/c-derived T cells. 
MVm8-mediated transfer of the ovalbumin (OVA)-reactive TCR OT-I resulted in B6-derived 
T cells secreting interferon-γ (IFNγ) upon recognition of OVA+ tumor cell lines. 
 
The final part of this thesis describes the in vivo transduction of primary T cells using 
MVm8 transferring OT-I and a luciferase (MVm8/OT-I-luc). To this end, B6 mice deficient 
for the recombination-activating gene 2 (Rag2) have been repopulated with either polyclonal 
(B6) or monoclonal T cells derived from P14-TCR transgenic mice (P14). One day later the 
transferred T cells were transduced in vivo by systemic application of MVm8/OT-I-luc. Live 
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imaging of mice showed successful in vivo transduction with strong luciferase signals from 
P14-repopulated mice. Upon immunization in vivo-transduced T cells homed, expanded and 
contracted repeatedly in an antigen-dependent manner. Finally, mice exhibiting strong luc-
signals showed improved protection against infections by OVA-transgenic listeria 
monocytogenes (LM-OVA). 
 
In conclusion, the viral vector system developed within this thesis is able to discriminate 
between the two main T cell subsets and to equip them with distinct transgenes 
simultaneously. Beyond that, MVm8 can transduce T cells directly in vivo, opening new 
options for immunotherapy of cancer and infectious disease, which were so far not accessible. 
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1 Introduction 
1.1 T cell-mediated immunity 
Immunity is a protective mechanism of an individual’s body in order to maintain its 
integrity. Shaped by co-evolution with pathogens, higher organisms have developed an 
eminent and complex apparatus of cells and organs, which in its entirety is called the immune 
system.1 Of particular interest is the adaptive immune system of vertebrates equipping the 
host with lymphocytes expressing a highly diverse repertoire of antigen receptors, generated 
by somatic recombination during the development of B and T cells. Especially T cells have 
been thoroughly investigated regarding their clinical potential in treating cancer and 
infectious disease because of their ability to recognize and destroy malignant and infected 
cells.2 
1.1.1 Individual T cell receptors are generated by somatic recombination 
Unlike cells of the innate immunity, which recognize fixed pathogen-associated molecular 
patterns (PAMPs), T cell receptors (TCRs) can potentially recognize all chemical and 
biological structures. The nearly unlimited flexibility of the T cell repertoire is given by the 
modular organization of TCR loci and a somatic recombination process mainly driven by the 
recombination-activating genes 1 and 2 (Rag1 and 2), which are the key enzymes of the VDJ 
recombinase complex. Lack of Rag1 or Rag2 in mice blocks development of mature 
lymphocytes completely.3,4 
Functional TCRs consist of one α and one β chain, which are slightly different in structure. 
During development the β chain locus is rearranged first. One D segment is randomly fused to 
one of the six J segments of the first DJC cluster. Next, one out of 52 V segments is fused to 
the DJ segment to generate the variable region of the TCR. The recombined VDJ segment is 
finally fused to the constant segment of the first cluster yielding a fully recombined β chain 
(VDJC). This β chain pairs with an invariant pre-α chain to form a pre-TCR expressed on the 
cell surface, triggering recombination at the α chain locus. The α chain locus lacks D 
segments and recombination starts with the fusion of one of the 61 J segments to one of up to 
80 V segments. The recombined VJ segment is then fused to the only constant segment of the 
α chain locus, giving rise to a fully recombined α chain (VJC). Fusion of the different 
segments involves double-strand breaks of the genomic DNA. During this process the 
nucleotide-sequence is altered by addition of P- and N-nucleotides leading to additional 
junctional diversity.5,6 
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The complex process of somatic recombination inherently harbors the possibility of 
generating non-functional TCR chains, e.g. by frame-shift mutation. If β chain rearrangement 
fails, a second round of recombination is initiated by combining D and J segments of the 
second cluster, which in turn are fused to a V segment upstream of the V segment in the first 
round. If rearrangement leads again to a non-functional β chain, the second allele is activated 
and again two rounds of recombination start. Only when both alleles fail to generate a 
productive rearrangement in the β chain loci, the thymocyte is entering the γ:δ T cell lineage. 
If the β chain is successfully rearranged the α loci undergo the same procedure until a 
functional α:β TCR is expressed. Expression of a TCR is necessarily accompanied by co-
expression of cluster of differentiation (CD) protein 3 (CD3). The CD3 complex is composed 
of four distinct chains (γδε2ζ) and is required for T cell activation.5,6 
1.1.2 T cell education in the thymus shapes the peripheral TCR repertoire 
Although the same genetic processes lead to the development of B cell and T cell receptors, 
they differ substantially. B cell receptors recognize linear and non-linear three-dimensional 
surface structures of intact molecules independent of any other protein-interaction. TCRs on 
the other hand can only recognize linear epitopes derived from degraded proteins and 
presented on molecules of the major histocompatibility complex (MHC).7–9 MHC-restriction 
is imposed on T cells during development in the thymus and accounts to which subset T cells 
belong.10–12 The main T cell subsets are cytotoxic T cells (Tc), defined by expression of CD8 
and T helper cells (Th), defined by expression of CD4. 
Lymphoid progenitors lacking expression of TCR, CD4 and CD8 (double negative) enter 
the thymus at the cortico-medullary junction. After rearrangement of the β and α loci these 
thymocytes express a α:β TCR, CD4 and CD8 and are termed double positive (DP). DP 
thymocytes interact with cortical thymic epithelial cells capable of presenting any self-peptide 
on both MHC class I as well as MHC class II. T cells recognizing self-peptides on MHC I are 
committed to the CD8-lineage, whereas T cells recognizing self-peptides on MHC II are 
committed to the CD4-lineage, both subsequently becoming single positive. CD4 and CD8 
are co-receptors of the TCR and enhance its overall avidity to peptide-MHC (pMHC) 
complexes by binding to MHC II and MHC I, respectively. T cells unable to interact with any 
pMHC complex are deprived of survival signals and undergo apoptosis (“death by neglect”). 
Single positive T cells interact with medullary thymic epithelial cells as well as dendritic cells 
(DCs) upon migration into the medulla. Positive selection occurs if T cells interact with 
pMHC complexes at an intermediate level. T cells with avidities above a certain threshold for 
self-pMHC are mostly negatively selected to avoid autoimmunity as part of central 
tolerance.13 Few high-avidity T cells can become committed to a regulatory T cell (Treg) 
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phenotype and counteract autoimmunity in the periphery as part of peripheral tolerance.14,15 
Positively selected single positive clonal T cells, now capable of recognizing any foreign (and 
mutated self) antigen, enter the bloodstream to populate the periphery of the organism as 
naïve T cells.5,6,16 
However, this is a simplified view of the educational process of T cells in the thymus. 
Analyses in mice and humans have shown, that T cells reactive against self-pMHC complexes 
are a natural part of the peripheral repertoire.17,18 Usually self-reactive T cells are suppressed 
by peripheral tolerance mechanisms.19 Failure of these mechanisms may lead to autoimmune 
disease. Recent studies argue that self-reactive T cells are an important part of the peripheral 
TCR repertoire and that lack of these cells, by e.g. a strict negative selection process, would 
open up “holes” in adaptive immunity, which could be readily exploited by pathogens.20 
1.1.3 Course of an adaptive immune response 
Any infection that is not cleared by the innate immune response generates a threshold dose 
of antigen that in turn activates the adaptive immune system. Naïve T cells recirculate 
between the bloodstream, secondary lymphoid organs and the lymphatic vessels back into the 
bloodstream until they encounter their specific antigen. Upon infection tissue-derived DCs are 
activated, take up antigen and migrate to draining lymph nodes as mature DCs, where they 
present pMHC complexes to T cells. DCs are the most powerful professional antigen 
presenting cells (APCs).21 Macrophages and B cells are also able to present pMHC complexes 
to T cells and activate them. Circulating naïve T cells regularly scan APCs in peripheral 
lymphoid organs for the presence of their specific pMHC complex. If T cells encounter their 
respective pMHC complex on a mature DC they get activated and start proliferating at site. A 
hallmark of mature DCs is the expression of costimulatory molecules, especially the B7 
proteins (CD80, CD86), necessary to fully initiate a T cell response. T cells are fully activated 
and become effector T cells if their TCR-CD3 complex transmits a first signal after pMHC 
binding and CD28 a second signal after binding to B7 molecules on APCs. If a T cell receives 
signal one without signal two it either undergoes apoptosis or becomes anergic.22 The need 
for signal one and signal two to fully activate a T cell is part of the peripheral tolerance to 
self-antigen. Proliferation of effector T cells is mainly driven by expression of interleukin-2 
(IL-2) and CD25, which together with CD122 and CD32 form the high-affinity IL-2 receptor. 
After proliferation and phenotypic changes effector T cells leave the secondary lymphoid 
organs and home to the site of infection where they exert their effector functions and clear the 
infection. The cytotoxic T-lymphocyte-associated protein 4 (CTLA-4, CD152) is expressed 
shortly after activation of T cells. CTLA-4 also binds to B7 molecules, but, in contrast to 
CD28, inhibits intracellular signaling.23 Thus, the activation of T cells is controlled by a 
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negative feedback loop. During clearance of the infection, the level of antigen drops steadily 
and effector T cells get deprived of antigen and cytokine stimulation, which drives the 
majority of T cells into apoptosis. Surviving effector T cells are driven into a memory 
phenotype able to respond to an identical infection with faster kinetics.5,6 
1.1.4 T cell subsets 
During the course of an infection T cell subsets exert different effector functions. CD8+ Tc 
cells recognize their respective pMHC I complex, presenting cytosolic antigens directly on 
infected or transformed cells. Subsequent killing is achieved by directed release of cytotoxic 
effector proteins perforin and granzymes.24,25 Perforin creates pores in the target cells 
membrane through which granzymes enter the cytoplasm and induce apoptosis. This mode of 
killing is restricted to CD8+ Tc cells and strictly calcium-dependent.26 Studies of calcium-
deprived CD8+ Tc cells revealed a mode of calcium-independent killing, which can also be 
exerted by some CD4+ Th cells. This second mode involves binding of Fas ligand, expressed 
by effector T cells, to Fas, expressed on target cells.27–29 Upon binding of Fas, caspases are 
activated leading to apoptosis of the Fas+ target cell. CD8+ Tc cells also produce several 
cytokines upon activation including Interferon γ (IFNγ) and tumor necrosis factor α and β 
(TNFα, TNFβ).30–32 IFNγ is the central effector cytokine of CD8+ effector T cells and can also 
be produced by certain CD4+ T cell subsets.33 Release of IFNγ inhibits viral replication and 
increases expression of MHC I molecules as well as other components of the peptide 
generating and loading machinery.34 
CD4+ Th cells recognize their respective pMHC II complex on APCs, presenting 
exogenously taken up antigen. While MHC I is expressed on all nucleated cells, MHC II 
expression is restricted to APCs. The CD4+ T cell subset is central to the immune system, as 
highlighted by the acquired immune deficiency syndrome (AIDS) caused by the human 
immunodeficiency virus (HIV). HIV+ individuals developing AIDS die of usually “harmless” 
pathogens due to the inability of the immune system to clear the infection without the CD4+ T 
cell subset.35 The main function of CD4+ Th cells is to provide help, largely in form of 
cytokines acting on other types of cells. The CD4+ Th cell subset is more diverse than the 
CD8+ compartment. Depending on the type of pathogen encountered by the innate immune 
system DCs create a cytokine milieu within secondary lymphoid organs dictating the fate of 
differentiation of CD4+ Th cells. The variety of CD4+ T cell subsets includes Th1, Th2, Th9, 
Th17, Th22, follicular helper T (Tfh) and Treg cells, all of them expressing their 
characteristic cytokine profile and transcription factors.33 The classical subsets are Th1 and 
Th2 cells producing IFNγ and IL-4, respectively, and thereby supporting CD8+ Tc cell-
dependent and B cell-dependent immune responses.36,37 In addition to these classical subsets, 
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Th17 cells are a well characterized third subset, which play a role in fighting extracellular 
bacteria and fungi.38 Tfh cells reside in lymph nodes where they provide help to B cells.39–41 
Th9 and Th22 cells are newly discovered and less well characterized subsets, which seem to 
play a role in mucosal and epithelial immunity.42,43 Although expressing CD4, Treg cells are 
not helper T cells. Nevertheless, regarding their ability to shut off immune reactions to 
foreign and self-antigens, they play a central role in the course of immune reactions and 
autoimmunity, emphasizing the critical role of CD4+ T cell subsets. 
Many immunotherapeutic approaches have focused on CD8+ Tc cells since they can directly 
attack infected as well as transformed cells. In recent years several studies emphasized the 
importance of including CD4+ T cells into immunotherapeutic regimens, either as cytotoxic 
cells themselves or as helper cells boosting the cytotoxic effects of CD8+ T cells.44–52 
1.2 Cancer immunotherapies 
The term “immunotherapy” comprises any treatment of disease by inducing, enhancing or 
suppressing an immune response. This includes cytokine and antibody treatments as well as 
cellular therapeutics as e.g. DCs or T cells. 
Immunotherapy has a long history usually being regarded to have started with the first 
cancer vaccine (“Coley´s toxin”) being developed in 1893.53 Early immunological insights 
gained by scientists around 1900 led to the notion that not only infectious but also malignant 
diseases might be curable by new immunological techniques.54–56 Already in 1905 efforts 
were undertaken to immunize mice against tumors. Mice, spontaneously rejecting implanted 
tumors, became resistant against subsequent challenges with tumors of identical origin.57 
These experiments were performed with outbred mice and immunological reactions were 
most probably directed against foreign pMHC complexes. This is highlighted by the fact that 
recipient mice also rejected healthy tissue. With the upcoming technology of inbred mice in 
the 1940´s these tumor-unspecific effects could be eliminated and perceived tumor 
regressions led to the identification of tumor antigens able to elicit antibody- and cell-
mediated immunity, which in turn gave rise to the field of cancer immunotherapies in the 
upcoming decades.58,59 To date immunotherapy has entered the clinic with the first cytokine 
(TNFα) being approved in 1986 and the first monoclonal antibody (mAb) being approved by 
the US food and drug administration (FDA) in 1997.60 Until the end of 2015 more than a 
dozen mAbs and four cytokines have been approved to treat certain types of cancer.61 Further, 
the discovery of checkpoint inhibitors in 1990s by Allison et al. led to three such molecules 
being approved for cancer therapy.60,62 Finally, one cell-based anti-tumor vaccine has been 
approved in 2010.60 Examples of these immunotherapies will be discussed in the following 
sections. 
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1.2.1 Antigen-independent therapies 
First cancer immunotherapies started with using antigen-independent cytokine therapies 
including IL-2, IFNα and IFNβ. Clinical studies showed response rates of 20-40% on average, 
with peak responses of up to 80-90% in the setting of hairy cell leukemia.63–65 However, the 
pleiotropic effects of cytokines are not restricted to anti-tumor immunity but also give rise to 
autoimmunity in treated patients. 
The same holds true for immune checkpoint inhibitors. Immune checkpoint molecules like 
CTLA-4 or programmed death protein 1 (PD-1) dampen an ongoing immune response, 
ultimately leading to its shut off, by interacting with their respective ligands on APCs or 
tumor cells.66 Antibodies that block these protein-protein interactions have proven highly 
valuable in tumor treatment in clinical trials.67–70 To date, three checkpoint inhibitors are 
available, ipilimumab (CTLA-4 blocker), nivolumab and pembrolizumab (PD-1 blocker). The 
most advanced is ipilimumab, which led to an increase in overall survival of two months 
(11.2 vs. 9.1) in a clinical phase III study including 502 patients, being treated with 
ipilimumab plus chemotherapy compared to the group of patients that received chemotherapy 
alone. Beyond that ipilimumab-treated patients were superior in one-, two- and three-year 
survival rates with 21% survival compared to 12% after three years. Although no statistical 
difference in tumor-shrinkage was observed, there was a 24% improvement in progression-
free survival. At the same time, there was a two-fold increase in high-grade adverse events in 
patients receiving ipilimumab compared to chemotherapy alone.68  
Thus, antigen-specific approaches, activating the immune system more specifically and 
leading to fewer side effects, are favorable. 
1.2.2 Antigen-specific therapies 
Antigen-specific cancer immune therapies include therapeutic antibodies, cancer treatment 
and preventive vaccines as well as adoptive T cell therapies, the latter being discussed 
separately in the following paragraph. The theoretical reduction of side effects is dependent 
on how tumor-specific the targeted epitope is. Antibody or T cell therapies targeting antigens 
exclusively expressed by tumor cells should not elicit autoimmunity, whereas it can occur in 
varying severities if the target is shared between tumor and healthy tissues.71 
 
Therapeutic antibodies appear in various forms. They can either be applied as monoclonal 
antibodies or as antibody-drug conjugates (ADC), for example. Trastuzumab, a HER2-
specific monoclonal antibody, is available for treatment of HER2-overexpressing breast 
cancer since 1998.72 Since 2013 an ADC combining Trastuzumab with DM1 (a cytotoxic 
agent) is approved for metastatic breast cancer.73 Rituximab, a CD20-specific monoclonal 
Introduction   
16 
antibody, is another success story in cancer immunotherapy and has become a mainstay in the 
treatment of some B cell lymphomas and B cell chronic lymphocytic leukemia.74,75 Rituximab 
leads to destruction of both malignant and healthy B cells. Since CD20 is absent on terminally 
differentiated plasma cells, the loss of healthy B cells is well tolerated. Rituximab is a good 
example for a non-tumor- but antigen-specific treatment. The effector functions of 
monoclonal antibodies leading to the death of their target cells can be (i) induction of 
apoptosis, (ii) complement- or (iii) antibody-dependent cell-mediated cytotoxicity. In case of 
rituximab all three mechanisms have been detected in patients. 
 
Cancer treatment vaccines are cell-based vaccination approaches to strengthen an anti-
tumor immune response. In 2010 Sipuleucel-T has been approved for treatment of some 
forms of prostatic cancer.76,77 So far, it is the only approved immunotherapy for advanced 
prostate cancer. Treatment includes the isolation of autologous DCs and loading them with 
the tumor antigen prostatic acid phosphatase (PAP), which is present in >95% of prostate 
cancer cells. After maturation of the antigen-loaded DCs, they are re-infused into the patient 
in order to activate PAP-specific T cells, which in turn home to the prostate and kill tumor 
cells. Sipuleucel-T exhibits only moderate side effects. 
 
Preventive vaccines aim at preventing infection of the host with tumorigenic pathogens as 
e.g. human papillomaviruses (HPV). These vaccines are considered tumor vaccines because 
of the high tumorigenic potential of the targeted pathogens. In case of HPV, type 16 and 18 
account for 70% of all cervix carcinomas.78 Currently, there are three highly effective 
vaccines for different HPV serotypes available: Gardasil (since 2006), Cervarix (since 2007) 
and Gardasil 9 (since 2014).79 Worldwide, Chronic hepatitis B virus (HBV) infection causes 
80% of all liver cancer. Two FDA-approved vaccines (Engerix-B, Recombivax HB) protect 
against HBV only, whereas several others protect against infection by HBV as well as other 
viruses (Twinrix, Pediarix). The FDA approved the original HBV vaccine Heptavax already 
in 1981, making it the first anti-cancer vaccine. 
1.2.3 Adoptive T cell therapies 
Most of aforementioned therapeutic strategies aim at activating or inducing tumor-reactive 
T cell populations pre-existing in a given individual. However, the adoptive transfer of T cells 
offers the advantage of being able to directly interfere with the final therapeutic cell type, 
either by enlarging the number of autologous tumor-reactive T cells (non-modified T cells) or 
by introducing otherwise absent or anergic tumor reactivity (TCR- or chimeric antigen 
receptor (CAR)-engineered T cells). Evidence for tumor-reactivity of adoptively transferred T 
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cells exists since mid-1960´s, but it was the discovery and utilization of IL-2 that paved the 
way for ex vivo culture and therapeutic use of T cells.80–82 Since then T cells can be expanded 
in vitro to large numbers and kept in culture long-term. Strategies have been developed to 
give rise to autologous T cell populations with defined tumor reactivities or to introduce such 
reactivities by means of genetic engineering.83,84 Thus, it is now possible to generate high-
avidity T cells in therapeutic numbers. Another advantage is, that the host can be 
preconditioned prior to adoptive cell transfer. It has been shown, that a nonmyeloablative 
chemotherapy regimen given immediately before adoptive cell transfer led to increased 
cancer regression and facilitated engraftment of transferred T cells.85 Besides the removal of 
“cytokine sinks”, the ablation of the peripheral immunity also eliminates immune cells with a 
suppressor phenotype (Tregs or myeloid-derived suppressor cells). 
Today adoptive T cell therapy is divided into two main categories, (i) the transfer of non-
modified T cells and (ii) the transfer of antigen receptor-engineered T cells. 
 
Transfer of non-modified T cells has been pioneered by the group of Steve Rosenberg.86 
The general procedure is to isolate tumor-infiltrating lymphocytes (TILs) from tumor 
biopsies. For this purpose, resected tumor material is chopped into small fragments containing 
tumor cells as well as TILs. These fragments are then cultured with high doses of IL-2 for two 
to three weeks until the TILs have proliferated and destroyed all tumor cells. A pure 
lymphocyte culture is generated. The individual fragment-derived TILs are then tested for 
tumor reactivity in coculture assays and expanded to therapeutical numbers before reinfusion 
into the patient.87 The therapeutic product that is generated this way is usually a highly 
undefined mixture of T cells with unknown specificities. Lately, a more sophisticated strategy 
has been proposed, which is able to isolate neoantigen-specific T cells from the tumor as well 
as from peripheral blood lymphocytes.83 This strategy could overcome one of the biggest 
drawbacks of TIL therapy, which is its restriction to melanomas and allow a more widespread 
use of autologous tumor-reactive T cells with a defined specificity.88 Another drawback is the 
long ex vivo culture periods needed to reach therapeutical numbers, which may negatively 
affect the in vivo functionality of transferred TILs.89 
 
Transfer of antigen receptor-modified T cells results in a much better defined therapeutic 
product compared to bulk TIL therapy.90,91 The introduced antigen receptor, either a TCR or a 
CAR, has a defined specificity. Characteristics of the receptors are well known and 
thoroughly studied in preclinical experiments. This allows the widespread use of T cell 
therapy, even in patients that have failed to generate effective TILs. In some cases TILs could 
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be isolated from primary tumor tissue, but the T cells were not able to lyse their target tumor
cells and means to break the unresponsiveness remained unsuccessful. Since the specificity of 
a T cell is solely determined by its TCR, the transfer of TCR-coding sequences into other T 
cells redirects these cells towards the introduced specificity.92 By identifying the TCR coding 
sequences it becomes possible to treat patients having unresponsive or no TILs at all, and, 
further, to “choose” the best T cell phenotype with the highest lytic capacity for example. To 
date, central memory or naïve T cells seem to be the optimal T cell subset for adoptive T cell 
therapy because of their high self-renewal and lytic capacity.93–95 Based on these principles a 
therapeutic approach, using TCR gene-modified T cells, has been developed, which starts 
with the isolation of a patients peripheral T cells. Activated T cells are then TCR- or CAR-
engineered and propagated. Finally, a therapeutic number of gene modified T cells is re-
infused into the patient and the clinical course is observed (Fig.1).71,87 
 
 
Fig.1 Course of TCR and CAR gene therapy  
The schematic drawing depicts the general course of adoptive T cell therapy using TCR- or CAR-engineered T 
cells. TCR-encoding genes are isolated from a tumor-reactive T cell clone. CARs are constructed by fusing the 
variable regions of a tumor-reactive antibody to T cell specific intracellular signaling domains. By employing 
viral vectors the TCR- or CAR-encoding genes are transferred into stimulated T cells derived from a tumor-
bearing patient. Ideally the exogenous tumor-reactive TCR (red) replaces the endogenous TCRs (gray). The 
CAR (green) is not competing for surface expression and does not mispair with endogenous TCRs. The 
engineered T cells are then rapidly expanded and re-infused into the patient. LTR: long terminal repeat 
 
Using this approach many clinical trials with TCR-engineered T cells mainly targeting 
tumor-associated antigens have been performed treating melanoma and synovial sarcoma.96–
100 Exchanging the TCR by a CAR extends adoptive T cell therapy to a broader patient pool, 
because, unlike TCRs, CARs are not MHC-restricted.2,101 Nevertheless, CARs can only target 
surface molecules, whereas TCRs can target epitopes derived from intracellular as well as 
surface antigens. Furthermore, CARs are useful when tumor cells downregulate MHC
molecules or fail to process a T cell epitope. CD19-specific CARs show the best results in 
clinical trials using engineered T cells, so far. They have been used to treat B cell lymphoma, 
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chronic lymphatic leukemia and, most spectacular, acute lymphoblastic leukemia, with 90% 
complete remission among 30 patients.101–103 These overwhelming results led the FDA to 
grant CD19-CAR therapy breakthrough therapy designation in 2014. However, treating solid 
tumors using CAR-engineered T cells failed so far, with one exception. A GD2-specific CAR 
achieved complete remission in three out of eleven neuroblastoma patients.104 All other 
attempts to treat solid tumors using CAR-engineered T cells were disappointing.105–107 
1.2.4 Drawbacks of ex vivo engineered T cells  
The main aim of adoptive T cell transfer is to break the immune systems tolerance towards 
cancer. In case of T cell engineering two factors are pivotal for treatment success. 
First, the antigen has to be chosen very carefully and an antigen receptor has to be 
identified. Antigen choice is crucial for success of adoptive cell therapy using engineered T 
cells. Deciding which antigen to target and retrieval of associated antigen receptors are the 
bottlenecks of T cell gene therapy. One quality of the perfect rejection antigen is its exclusive 
expression on tumor cells. These can be either cellular epitopes harboring somatic mutations 
or foreign (e.g. virus-derived) epitopes for which the natural repertoire of T cells is not 
negatively selected against in the thymus. Further, the antigen should be involved in cancer 
formation and transformation and thus be indispensable for all tumor cells. This way no 
antigen escape variants of the tumor can be formed.108 To date, no such epitope has been 
targeted in clinical trials of adoptive T cell therapy. The complex matter of antigen choice and 
methods to detect and retrieve TCRs or CARs goes beyond the scope of this thesis and is 
described elsewhere.108–113 
Second, the engineered T cells need to be fully functional in terms of proliferation, homing 
and tumoricidal effector functions. Removing T cells from their natural environment and 
culturing them for long periods of time in vitro counteracts these requirements.89 TCR- or 
CAR-engineered T cells are generated in a two-step process. First, retroviral (RV) vector 
particles encoding for the therapeutic antigen receptor are generated, and second, T cells are 
isolated from the patients peripheral blood, engineered using the RV particles, expanded to 
sufficient numbers and then reinfused into the lymphodepleted patient (Fig.2).114 The time 
needed for expansion is critical for a positive outcome of therapy. It has been shown, that 
effector functions of T cells are negatively correlated with the length of in vitro culture.89 
Beyond that, this production process is technically demanding and laborious, requiring highly 
specialized and well trained staff as well as a high-tech facility able to perform all steps in 
good manufacturing practice (GMP). This increases the costs thereby limiting the availability 
and widespread of adoptive T cell therapy using engineered T cells. 
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Fig.2 Genetic engineering of T cells ex vivo and in vivo      
The advantage of in vivo T cell engineering is graphically illustrated. Ex vivo engineering using non-specific 
vectors requires the isolation, transduction and expansion of patient-derived T cells, which is laborious and cost-
intensive (left panel). Extended ex vivo cultures also harbor the risk of loss of in vivo functionality of engineered 
T cells. The use of targeting vectors reduces the complexity of T cell engineering by allowing transduction of T 
cells directly in vivo by systemic administration of vector particles (right panel). The application of targeting 
vectors with different specificities (indicated by the different colors) allows the simultaneous in vivo engineering 
of distinct cell types with identical or different transgenes. 
 
Transducing T cells directly in vivo would make any ex vivo culture obsolete and also 
reduce the costs of T cell gene therapy dramatically. The generation of RV vector particles 
would be sufficient (Fig.2). One key prerequisite of in vivo transduction is the specific 
delivery of transgenes to the target cell type. This can either be achieved by transcriptional 
(e.g. by means of cell-specific promoters) or phenotypic targeting (e.g. by exclusive 
expression of a cell surface molecule). Phenotypic targeting enables the design of vectors 
specific for T cells by targeting CD3 for example. As mentioned above, the two main subsets 
of T cells, CD4+ Th and CD8+ Tc, use TCRs with different MHC-restriction. The generation 
of two independent vectors, one specific for CD4 and the other specific for CD8, would allow 
the simultaneous delivery of two different, e.g. tumor-reactive, TCRs into the respective T 
cell subsets (Fig.3). 
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Fig.3 Simultaneous delivery of two different TCRs by specific targeting vectors   
Unspecific vector particles (gray) equip both CD4+ and CD8+ T cell with identical TCRs (gray). By using two 
independent vectors, one specific for CD4+ T cells (orange) and one specific for CD8+ T cells (blue) it is 
possible to simultaneously engineer both subsets with an MHC II- (orange) or an MHC I-restricted (blue) TCR, 
respectively. Depicted are also the CD4- (orange) and the CD8α-molecule (blue) on the respective T cells. 
 
1.3 Cell type-specific transgene delivery 
The discovery that viruses are introducing their own genome into host cells in 1952 and the 
subsequent development of viral vectors in 1980´s and 1990´s merged into the broad 
spectrum of viral gene transfer systems available today, fulfilling nobel prize laureate E.L. 
Tatum´s anticipation from 1966, that „[…] viruses will be effectively used for man´s benefit 
[...] in genetic therapy“.115–119  
RV vectors are among the most commonly used viral vectors in gene therapy due to their 
ability to mediate efficient and stable transgene expression in almost all human and murine 
cell types.120 While this broad tropism made RV vectors a useful tool for ex vivo gene 
therapy, it is the major obstacle for in vivo transduction. Ex vivo it is possible to pre-select or 
enrich the desired cell type, whereas in vivo it is not. The major prerequisite for successful in 
vivo gene therapy is the specific and exclusive delivery of transgenes to a given cell type. 
Usage of such targeting vectors increases in vivo transduction efficiency dramatically by 
decreasing unspecific uptake of vector particles by irrelevant cells, which is also a matter of 
safety, since a transgene can be therapeutic in one cell type but potentially harmful in another. 
On the other hand, there are viruses with more restricted tropism, such as HIV, which 
transduces mostly human CD4+ cells. The tropism of a virus is dictated by its envelope 
glycoprotein. By combining the envelope glycoprotein of a given virus with a RV transfer 
vector it is possible to change the tropism of vector particles.121–123 This process is called 
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efforts were undertaken to redirect vector particles by means of engineered virus 
glycoproteins. This approach, first attempted 23 years ago, involves detargeting of the 
envelope glycoprotein from its natural receptors and retargeting it to a new cell surface 
molecule by introducing a new specificity using single-chain variable region antibody 
fragments (scFv).124,125 Using this strategy, retargeting of pseudotyped vector particles was 
achieved but membrane fusion was impaired. Hence, following studies focused on two-
component envelopes, in which receptor binding and membrane fusion is separately mediated 
by two distinct glycoproteins. Sindbis virus-derived envelope glycoproteins are the first 
example of such a two-component system being successfully retargeted while maintaining 
membrane fusion function126,127 The pH-dependent Sindbis-derived envelope requires uptake 
of vector particles by the target cell, possibly limiting their applicability, while Measles Virus 
(MV)-derived envelopes mediate pH-independent fusion directly at the cell membrane.125 
Two years later MV-derived envelope glycoproteins hemagglutinin (H) and fusion (F) were 
introduced to retarget RV vectors to specific cell types.128 
1.3.1 Measles virus biology 
MV, a major human pathogen, belongs to the Morbillivirus genus within the Paramyxovirus 
family. All paramyxoviruses are structurally related, containing a single-stranded, negative-
sense RNA genome, which is encapsulated by nucleocapsid proteins. Between core and the 
host cell-derived lipid bilayer matrix proteins are residing. All paramyxoviruses harbor two 
integral membrane proteins, H and F. Functionally, H mediates binding of the virus to its 
cellular receptors and F the fusion of the viral envelope with the membrane of the host cell. H, 
a type II transmembrane glycoprotein, forms disulfide-linked homodimers that associate to 
form tetramers. It has a 34 amino acid cytoplasmic tail, followed by a hydrophobic 
transmembrane domain and a large C-terminal ectodomain. F, a type I transmembrane 
glycoprotein, is synthesized as an inactive precursor (F0) and cleaved into an F1 and F2 
subunit by furin. F1 and F2 are linked via a disulfide-bond to yield the fusion-competent 
trimerized F protein. F has a 33 amino acid cytoplasmic tail, a hydrophobic transmembrane 
and a large N-terminal ectodomain, harboring a highly conserved stretch of hydrophobic 
aminoacids (113-145) probably mediating membrane fusion. Mechanistically, binding of H to 
one of its cellular receptors triggers engagement of F, which initiates the fusion of both 
membranes by a series of irreversible conformational changes.129–132 
Wild type MV enters and probably exits the host via Nectin-4, expressed in the epithelium 
and spreads within the host by infecting CD150+ (aka SLAM, signaling lymphocyte 
activation molecule) lymphocytes.133,134 MV is the first virus shown to have an 
immunosuppressive effect.135 Enders and Peebles were the first to propagate MV in cultures 
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of human kidney cells.136 The virus was derived from blood of David Edmonston, a child 
infected with measles. This virus strain (MVvc) was attenuated and used for the generation of 
a highly effective vaccine.137,138 During the many years of in vitro culture MVED gained the 
ability to also infect cells via CD46, an almost ubiquitously expressed complement inhibitory 
molecule, although affinity to CD150 is higher than to CD46.139,140 
1.3.2 De- and retargeting of the measles virus envelope 
As mentioned above, initial attempts to redirect viral vectors based on envelopes consisting 
of a single glycoprotein. Modifications of these glycoproteins negatively affected the cell 
entry process, since both functions, binding and fusion, are mediated by the same molecule. 
Instead, the MV cell entry system relies on two interacting proteins, decreasing the likelihood 
of negative effects on membrane fusion and increasing the chances of a functionally 
redirected vector. 
Targeting MV to new specificities is a two-step process. First, H has to be detargeted from 
its natural receptors and second, a protein binding domain introducing a new specificity, has 
to be added.141 Detargeting is achieved by insertion of four distinct point mutations into the H 
ectodomain (Y418A, R533A, S548L, and F549S).142 The first successfully retargeted MV 
particles have been employed as oncolytic agents targeting CD38, epidermal growth factor 
receptor (EGFR) or its mutant EGFRvIII.143,144 Funke et al. first described MV-pseudotyping 
of a RV transfer vector, in this case derived from HIV-1 lentivirus (LV), being retargeted to 
CD20.141 To accomplish LV pseudotyping truncated tail variants of H and F had to be 
employed.141,145 Subsequently, this system has been extended to many other target cells and 
proven to be an efficient and highly flexible tool for delivery of transgenes stably into desired 
cell types in vitro and in vivo.146 Mostly, scFv have been used as targeting domain, but also 
other protein binding domains can be utilized, such as DARPins (designed ankyrin repeat 
proteins), as in case of targeting human CD4+ T cells.147 Accordingly, a human CD8-specific 
targeting vector has been developed.148 Both retargeted vectors were able to selectively 
transduce their respective target cells in vitro and in vivo. Nevertheless, to study potential 
benefits of human in vivo gene transfer technologies in the context of TCR- or CAR-
engineered T cells for immunotherapy of cancer and infectious disease, preclinical testing is 
mandatory. 
Results   
24 
2 Aims of Thesis 
The aim of this thesis was to develop a vector system that allows the simultaneous delivery 
of MHC I- and MHC II-restricted TCRs into CD8+ Tc and CD4+ Th cells, respectively, both 
in vitro and in vivo. 
 
The project started with the transfer of the targeting technology from LV to gRV vectors, to 
overcome the insusceptibility of primary murine T cells for LV-mediated transduction: 
 Can MV glycoproteins pseudotype gRV vectors? 
 Which H and F tail variants yield the highest titers when pseudotyping gRV vectors? 
 
Second, the H protein had to be engineered to be specific for murine CD4 or CD8: 
 Isolation and identification of sequences encoding for CD4- and CD8-specific 
antibodies from hybridomas. 
 Generation of single chain antibody fragments as targeting domains. 
 Cloning of both targeting domains on individual MV H proteins. 
 Establishment of a cellular test system for both targeting vectors. 
 Can target cell lines be transduced simultaneously with different transgenes? 
 
The third part of the thesis deals with the transduction of primary splenocytes and their 
functional characterization: 
 Can the targeting vectors transduce primary murine T cells? 
 Can they both be applied simultaneously on primary cells? 
 Are primary cells, transduced by the targeting vectors as functional in in vitro assays, 
as primary cells transduced with conventional non-targeting vectors? 
 
Finally, the ability of the targeting vectors to transduce primary murine T cells in vivo had to 
be analyzed: 
 Can the targeting vectors transduce primary T cells in vivo? 
 Are in vivo-transduced T cells functional in terms of homing, proliferation and 
introduced antigen-specificity? 
 Can in vivo-transduced T cells built up a functional immunity against tumors or 
pathogens?
  Results 
25 
3 Results 
3.1 Adapting targeting technology to γ-retroviral vector systems 
LV vector systems are able to efficiently transduce a broad variety of different cell types 
originating from different species within Mammalia, including e.g. human T cells and murine 
fibroblasts. However, transduction efficiency drops dramatically using T cells of murine 
origin as target cells. While murine T cells are nearly refractory to LV-mediated transduction, 
they can be easily transduced by gRV vector systems.47 Initially, the MV envelope-based 
targeting technology had been developed and optimized for LV vectors128. Therefore, in the 
first part of the project, the targeting technology was transferred from LV to gRV vector 
systems. 
3.1.1 Pseudotyping γ-retroviral vectors with measles virus glycoproteins leads to low titers 
The segregation of viral genes to distinct plasmids, as part of developing a vector system, 
allows exchanging the gene(s) encoding for the envelope of a given virus by envelope gene(s) 
derived from a different virus. This process is named pseudotyping. The success and 
efficiency of pseudotyping strongly depends on interactions between group-specific antigen- 
(gag)-encoded matrix proteins and the intracellular part of envelope glycoproteins. In case of 
LV vectors pseudotyped with MV glycoproteins the optimal length of the intracellular 
domains has been determined previously. Highest titers were obtained by combining the H-
protein with an 18 amino acid N-terminal truncation (HΔ18) and the F-protein with a 30 
amino acid C-terminal truncation (FΔ30)128. Thus, we initially employed the HΔ18-FΔ30 
combination for pseudotyping gRV vectors. 
Three different types of transfer vectors were compared: a self-inactivating LV vector (SIN-
LV), a self-inactivating gRV vector (SIN-gRV) and a gRV vector with an intact 3´-LTR. All 
3 vectors use the same variant of a mouse proliferative sarcoma virus-derived (MPSV) 
promoter (MP71) to regulate transgene expression.149 The SIN vectors harbor an inactive 3´-
LTR and thus drive transgene expression from an internal promoter position, whereas gRV 
expression is LTR-driven (Fig.4A). To illustrate differences between the types of transfer 
vectors it was important to use identical genetic elements, like promoter or posttranscriptional 
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 Table 1   Characteristics of transfer vectors applied in this study 
 
gRV SIN-gRV SIN-LV 
designation pMP71 pSERS11 pRRL 
backbone & LTR MPSV RSV RSV 
Promoter position LTR internal internal 
packaging plasmid pcDNA3.2 pcDNA3.2 psPAX2 
max. cargo-size 8 kb 8 kb 18 kb 
transduction of    
human T cell  yes yes yes 
murine T cell yes yes no 
reference Engels et al.149 Schambach et al.150 Zhou et al.148 
 Gray shaded boxes indicate identical features. MPSV: mouse proliferative sarcoma virus,  
 RSV: Rous-sarcoma-virus  
 
In order to compare the titer of the three vector supernatants a CD150+ (aka SLAM) Jurkat 
76 T cell line was generated (J76S8). J76S8 was also engineered to express CD8 to analyze a 
human CD8-specific targeting vector and to enable functional assays after TCR-transduction, 
which is not part of this study. From bulk-transduced J76 cells a clone with high and stable 
expression of both transgenes was chosen (Fig.4B).
In parallel generated vector supernatants titered on J76S8 cells showed that the MVvc 
HΔ18-FΔ30 combination is an inept pseudotype for both gRV and SIN-gRV (Fig.4C). SIN-
LV performed best, with reaching titers of up to 1x105 transducing units per ml (TU/ml). 
Fig.4 Inefficient pseudotyping of gRV vectors by MVvc HΔ18-FΔ30  
(A) Graphic illustrations of transfer vectors applied in this study. LTR: long terminal repeat, Ψ: packaging 
signal, GOI: gene of interest, PRE: posttranscriptional regulatory element, MP: MP71-promoter, RRE: rev-
responsive element, cPPT: central polypurine tract. (B) Surface expression of human CD8 and CD150 on 
transduced J76 cells. Untransduced J76 cells served as control. The percentage of gated cells is indicated. (C) 
Titers of MVvc HΔ18-FΔ30-pseudotyped transfer vectors are shown. Bar diagrams depict pooled data of three 
independent experiments. Asterisks indicate a p value < 0.01. 
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In each repetition the same hierarchy of titers was observed (SIN-LV > gRV > SIN-gRV). 
Although statistically not significant, gRV outperformed SIN-gRV each time by 
approximately a 2-fold higher titer (p=0.07).  
 
3.1.2 Optimization of vector production protocol 
In general pseudotyping RV vectors with MV envelope glycoproteins is inefficient and 
yields low titers. Therefore, vector production had to be performed large scale, including the 
increase of number of packaging cells per production cycle as well as concentrating the vector 
supernatant via ultracentrifugation, which led to detectable numbers of vector particles using 
identical volumes for titration (Fig.5A). 
For establishment of the large-scale vector production protocol, the SIN-LV transfer vector 
pseudotyped by MVvc HΔ18-FΔ30 encoding for the green fluorescent protein (SIN-LV/GFP) 
has been used. In all analyzed timelines the titer peaked at the earliest time point of harvesting 
the supernatant (48 hrs after transfection, Fig.5B). Among those, changing the medium 36 hrs 
after transfection decreased the titer substantially (compare II-1 with I-1 and III-1). 
Repeatedly, the highest titer was obtained when medium was changed 24 hrs after 
transfection and the supernatant was harvested additional 24 hrs later (Fig.5C). All large-scale 
vector productions were thus performed accordingly. 
 
 
Fig.5 Increasing viral titer by optimization of production procedure  
SIN-LV/GFP pseudotyped by MVvc HΔ18-FΔ30 was used to generate presented data. (A) Titer before (-) and 
after (+) ultracentrifugation (n=3). n.d.: not detectable. (B) Timeline of all vector production protocols 
performed. I, II and III were all started in parallel. Black filled circles indicate time points of medium change. 
Boxed numbers indicate time point of harvesting the supernatant. (C) Bar diagrams depicting the differences in 
titer caused by the different vector production protocols (n=2). Titration was performed by transducing J76S8 
cells with serial dilutions of concentrated supernatant. Colored boxes and bars belong together. 
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3.1.3 Screening of measles virus glycoprotein tail variants 
Large-scale virus production is one mean to increase viral titers to a sufficient amount. 
Improving the compatibility of the different parts of the vector system is a second one. Thus, 
in parallel to the optimization of the vector production protocol different tail variants have 
been analyzed for their ability to pseudotype gRV vectors. The structures of MV H and F 
proteins as well as available tail variants are depicted in Fig.6A (see also section 1.3.1). 
Including the full-length proteins there are 16 H and three F tail variants, leading to 48 
possible combinations of MV envelopes. To determine the best-suited combination, gRV 
vectors encoding for GFP (gRV/GFP) were pseudotyped with all 48 MV envelopes. 
Successful transfection of 293T cells was determined by expression of GFP and functional 
expression of MV H and F proteins was indicated by formation of syncytia (Fig.6B). 
J76S8 cells were transduced in parallel by all 48 vector supernatants using identical 
volumes. Eight vector supernatants surpassed the MV HΔ18-FΔ30 by an at least ten-fold 
higher transduction rate (Fig.6C). Next, those supernatants were titrated in parallel on J76S8 
cells, revealing a peak in titer when gRV/GFP was pseudotyped with MV HΔ21A-FΔ24 
(Fig.6D). However, it was not possible to produce all 48 vector supernatants in parallel. To 
rule out external factors being responsible for the peak in titer, the five best supernatants were 
produced again in parallel under identical conditions and titrated. Again, MV HΔ21A-FΔ24 
performed best, achieving an approximately 400-fold higher titer than MV HΔ18-FΔ30 
(Fig.6E). 
Fig.6F illustrates all results obtained from this analysis. None of the combinations using 
full-length MV H and F proteins was able to efficiently pseudotype gRV vectors. 
Interestingly, seven out of eight vector supernatants that reached an at least ten-fold higher 
transduction rate than MV HΔ18-FΔ30 made use of FΔ24 (Fig.6C-F). Only one of those 
utilized FΔ30, however, in combination with HΔ21A. Hence, all supernatants yielding high 
titers were composed either of HΔ21A or FΔ24. Considering this pattern it is not a surprise 
that MV HΔ21A-FΔ24 is the best-suited pseudotype for gRV vectors. 
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Fig.6 MV HΔ21A-FΔ24 is the best suited pseudotype for gRV vectors  
(A) Graphical illustration of MV H and F proteins. The amino acid truncations leading to different tail variants 
of H and F are depicted. CT: cytoplasmic tail, TM: transmembrane domain, ED: ectodomain, F1: fusion domain 
1, F2: fusion domain 2, FP: fusion protein, S: stalk region. (B) GFP expression and syncytia formation in MV-
pseudotyped gRV/GFP-transfected 293T cells analyzed by fluorescence microscopy. Gibbon ape leukemia virus 
(GaLV)-pseudotyped gRV/GFP vectors served as control. One exemplary picture is shown. 40-fold 
magnification. (C) GFP expression in J76S8 cells transduced with differently pseudpotyped gRV vector particles 
(white bars) normalized to MV HΔ18-FΔ30 (black bar). Horizontal line indicates threshold for inclusion of MV 
tail variants to further analysis. a.u.: arbitrary units (D, E) Titer of tail variants selected in (C) determined by 
serial dilution of vector supernatant on J76S8 cells. (F) Graphical overview of all 48 MV envelopes used in this 
screening. Each box represents one H and F combination. All combinations were compared to MV HΔ18-FΔ30 
(black box). White boxes indicate combinations that yielded less than ten-fold higher transduction rates than MV 
HΔ18-FΔ30. Gray boxes indicate combinations that yielded an at least ten-fold higher transduction rate than MV 
HΔ18-FΔ30. The combination yielding the highest titer is filled in red. Syncytia forming combinations are 
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3.2 Generation of targeting-vectors specific for murine CD4 and CD8 
In parallel to the transfer of the targeting technology to gRV transfer vectors, described in 
3.1, targeting vectors specific for murine CD4 (mCD4) and CD8 (mCD8) were generated. 
3.2.1 Generation of targeting-domains specific for murine CD4 and CD8 
The hybridomas GK1.5 and 2.43 express monoclonal antibodies specific for mCD4 (L3T4) 
and mCD8 (Lyt-2.2), respectively. After isolation of total RNA from the GK1.5 and 2.43 
hybridoma, cDNAs were generated using primers specific for the heavy and light chain 
variable regions (VH, VL). A poly-C-tail was added to the cDNA molecules and a second 
PCR using again gene-specific reverse primers and a forward primer with an eleven-
guanosin-overhang was performed. The resulting amplicons were analyzed by gel 
electrophoresis and appeared at approximately 700 bp for VH and 750 bp for VL, as expected 
(Fig.7A). After identifying the sequences of the amplicons, scFvs were designed in silico by 
linking the respective VH and VL with a glycine-serine-sequence ((G4S)3). Subsequently, 
both scFvs were compared with corresponding deposit amino acid sequences from IMGT. In 
case of the GK1.5-derived scFv 8 amino acids were exchanged in VH, and 2 amino acids 
were exchanged and one was added to VL (Fig.7B). Exchanging rare amino acids by most 
commonly used amino acids is supposed to increases the stability of the expressed proteins. 
The 2.43-derived scFv sequences were not altered. 
 
The targeting domain of the MV human CD8-targeting HΔ18 (Hh8-Δ18) was exchanged by 
either CD4-specific or CD8-specific scFv resulting in Hm4-Δ18 and Hm8-Δ18, respectively 
(Fig.7C). Next, 293T cells were transfected with identical amounts of DNA for each construct 
in order to analyze expression levels of Hm4-Δ18 and Hm8-Δ18. Both were expressed 
superior compared to Hh8-Δ18 (MFI: 3353 and 3133 vs. 1685; Fig.7D). Expression levels of 
Hh8-Δ18 were sufficient to generate functional and high-titered LV vector stocks, as 
described elsewhere.148 Hm4-Δ18 and Hm8-Δ18 expression-levels on transfected 293T cells 
were, thus, considered sufficient. However, as described in 3.1, HΔ18 is not able to 
pseudotype gRV vectors sufficiently. Therefore we generated HΔ21A-variants by PCR using 
Hm4-Δ18 and Hm8-Δ18 as templates. 
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Fig.7 Hm4-Δ18 and Hm8-Δ18 are expressed on transfected 293T cells  
(A) Amplicons of GK1.5- and 2.43-derived heavy- and light chains used for sequencing, visualized by ethidium 
bromide staining. (B) Schematic view of GK1.5-derived sequences. Original (black) and replacement amino 
acids (red) are shown. Dots represent unmodified sequence. (C) Graphical illustration of H protein fused to an 
scFv targeting-domain followed by a histidin-tag. (D) Surface expression of different HΔ18 proteins on 
transfected 293T cells determined by staining with a histidin-tag specific antibody by flow cytometry. Gating 
was set according to untransfected 293T cells. Bold numbers indicate the percentage of HΔ18+ cells. Lower 
numbers indicate the mean fluorescence intensity (MFI) of HΔ18+ cells. Gray curves are unstained 293T cells of 
identical origin for each construct. Hvc and Hwt are not fused to a histidin-tag and serve as staining control. 
 
3.2.2 Specific transduction of target cells by MVm4- and MVm8-pseudotyped vectors 
58 T cell is a TCR- derivative of BW5147 thymoma and expresses neither CD4 nor CD8.151 
It was used to generate CD4+CD8- (58m4) and CD4-CD8+ (58m8) daughter cell lines to allow 
testing the specificity of MVm4- and MVm8-pseudotyped vectors. Transduced bulk 58 cells 
were single cell sorted into 96-well-plates and selected for high expression of CD4 or CD8. 
The clones with the highest and most stable expression of the transgenes were selected for all 
further experiments (Fig.8A). 
Supernatants harboring gRV/GFP vectors pseudotyped with MVm4 (HΔ18-FΔ30), MVm8 
(HΔ18FΔ30), MVm4 (HΔ21AFΔ24) or MVm8 (HΔ21AFΔ24) were generated by transient 
transfection of 293 T cells. Those supernatants were then titrated on 58m4 and 58m8 cells, 
respectively. MVvc-pseudotyped gRV/GFP vectors were titrated on J76S8 cells and reached 
average titers of 2.2x104 TU/ml. MVm4- and MVm8-pseudotyped gRV/GFP vectors 
employing the same tail variants as MVvc (HΔ18-FΔ30) reached average titers of 8.5x105 
and 2.8x105 TU/ml, respectively (Fig.8B). That is an approximately 39-fold and 13-fold 
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MVm4 and MVm8 in the HΔ21A-FΔ24-configuration (from now on referred to as MVm4 
and MVm8) further increased average titers 8.5-fold (72x105 TU/ml) and 15-fold (43x105 
TU/ml), respectively (Fig.8B). 
 
Fig.8 Titration of MVm4 and MVm8 on 58m4 and 58m8 cells  
(A) Surface expression of mCD4 and mCD8 on 58, 58m4 and 58m8 cells analyzed by flow cytometry. 58m4 and 
58m8 were transduced by MP71-mCD4 and MP71-mCD8, respectively, and single-cell cloned. The final clone 
for each cell line is shown. (B) Titers of MVvc-, MVm4- and MVm8-pseudotyped gRV/GFP vectors are shown, 
as analyzed by serial dilutions of concentrated supernatant on J76S8, 58m4 and 58m8, respectively. Bar 
diagrams depict pooled data of three to eight independent vector productions. Asterisks indicate p values < 0.01. 
Next, the specificity of MVm4 and MVm8 was addressed. Therefore, 58 T cells were mixed 
in a 1:1-ratio with either 58m4 or 58m8 cells. Application of gRV/GFP vectors pseudotyped 
with the glycoprotein of the vesicular stomatitis virus (VSV) proved the general 
transducability of all cells in the mixed culture. Application of MVm8- (Fig.9A) or MVm4- 
(Fig.9B) pseudotyped gRV/GFP vectors resulted in a selective expression of GFP in CD8+ or 
CD4+ cells, respectively. 
 
Fig.9 Targeted transduction of 58m8 and 58m4 cells by MVm8 or Mvm4, respectively   
Flow cytometric analysis of GFP expression in a mixed culture of 58 and 58m8 or 58m4 cells transduced either 
by VSV, MVm8- or MVm4-pseudotyped gRV/GFP vectors. One representative data set of two is shown. 
The transducability of 58m4 and 58m8 cells by MVm4 or MVm8, respectively, was almost 
abolished if cells were pretreated with high amounts of CD4- or CD8 blocking antibodies (80 















































  Results 
33 
transduction of the target cells by MVm4 and MVm8 pseudotyped gRV/GFP vectors
(Fig.10A,B). However, if an ecotropic (Eco) gRV/GFP vector was applied to the pretreated 
cells, they were readily transduced despite the presence of CD4- or CD8 blocking antibodies. 
Application of CD4 blocking antibodies to 58m8 cells or CD8 blocking antibodies to 58m4 
cells had no effect on general transducability by the targeting vectors, even in high 
concentrations. The same is true for the application of isotype controls (IgG2b) to both cell 
lines. 
 
Fig.10 Dose-dependent effects of blocking antibodies on MVm8 and MVm4   
Target cells, pretreated either with a CD8- or a CD4 blocking-antibody or an isotype control, were transduced by 
either MVm4-, MVm8- or Eco-pseudotyped vector particles. 48 hrs later GFP expression of all samples was 
analyzed by flow cytometry. Data was normalized to individual samples without antibody. Each datapoint 
represents pooled data of duplicates from two independent experiments.
Taken together, the results from Fig.9 and Fig.10 prove the exclusive specificities of both 
targeting vector envelopes. However, a major question was if MVm4 and MVm8 will be able 
to simultaneously deliver different transgenes into mixed cultures of target cells without 
losing specificity. To answer this question, 58m4 and 58m8 cells were mixed in a 1:1-ratio 
(Fig.11A). MVm8 gRV/GFP and MVm4 gRV/mCherry vectors were thawed and mixed as 
well before being applied to the target cells. Subsequent flow cytometric analysis revealed no 
decrease in specificity. MVm8 delivered GFP exclusively into 58m8 cells, whereas MVm4 
delivered mCherry exclusively into 58m4 cells (Fig.11B). To our knowledge, it has been 
shown for the first time that targeting vectors can be used in parallel to deliver different 
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Fig.11 MVm4 and MVm8 deliver distinct transgenes simultaneously and exclusively to their target cells 
(A) CD4 and CD8 expression in a 1:1-mixture of 58m4 and 58m8 cells analyzed by flow cytometry. (B) The 
tropism of simultaneously added MVm4 gRV/mCherry and MVm8 gRV/GFP vectors was analyzed by flow 
cytometry. One representative experiment out of two is shown. 
 
3.3 Transduction of primary T cells using MVm4 and MVm8 
3.3.1 Transduction of B6-derived T cells by MVm8 
Initial experiments on primary cells were performed using B6-derived T cells. Splenocytes 
activated by aCD3- and aCD28-simulation were transduced with MVm8 gRV/GFP or SIN-
LV/GFP. The expression of GFP was analyzed on day two, five, nine and 14 after 
transduction. Both vector supernatants exhibited an exclusive expression of GFP in primary 
CD8+ T cells (Fig.12A). MVm8 gRV/GFP achieved a transduction rate of 32% CD8+GFP+ 
cells of total cells, whereas MVm8 SIN-LV/GFP transduced 47% of all cells. As expected 
primary murine T cells were not stably transduced by SIN-LV/GFP, instead there was a 
steady decrease of GFP+ cells over time. Starting from 47% the transduction rate dropped 
down to 3% on day 14. However, MVm8 gRV/GFP was able to efficiently mediate stable 
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Fig.12 MVm8-pseudotyped gRV/GFP vector transduces  B6-derived T cells stably and exclusively  
(A) GFP expression in primary B6-derived CD8+ T cells analyzed by flow cytometry two days after transduction 
by gRV or SIN-LV vectors is shown. Gating was set according to untransduced control. Numbers indicate 
percentages of cellular events within the gates. (B) GFP expression analyzed by flow cytometry for a time period 
of 14 days is depicted as line chart. Data was normalized to CD8+GFP+ cell fraction on day two. 
 
Transduction of B6-derived T cells was repeated using MVm8- or Eco-pseudotyped gRV 
vectors encoding for the OT-I TCR, which is an MHC I-restricted (H2kb) TCR recognizing 
the SIINFEKL epitope of ovalbumin (OVA). Comparing the pattern of TCR expression in 
MVm8- and Eco-transduced samples showed that MVm8 exclusively transduced the CD8+ T 
cells whereas Eco transduced both CD8+ and CD4+ T cells. Although Eco showed an overall 
higher transduction rate than MVm8 (36% vs. 19% OT-I TCR+CD3+), it also transferred 2/3 
of the MHC I-restricted OT-I TCR into CD4+ T cells (69% OT-I TCR+CD4+) and only 1/3 
into CD8+ T cells (27% OT-I TCR+CD8+) (Fig.13A). In conclusion, MVm8-mediated TCR 
gene-transfer generated more OVA-reactive CD8+ T cells compared to Eco-mediated gene-
transfer, which preferentially transduced CD4+ T cells. The preferential transduction of CD4+ 
T cells in mixed cultures mediated by the non-targeting envelope Eco was seen in repeatedly 
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Fig.13 MVm8-mediated gene transfer is restricted to primary CD8+ T cells  
(A) OT-Iα and β chain, as well as, CD3, CD4 or CD8 surface expression analyzed by flow cytometry. Numbers 
indicate percentages of positive cells. (B) Percentage of OT-Iα chain surface expression amongst either CD8+ or 
CD8- cells is depicted as bar diagrams. Pooled data from two experiments.  
 
Next, T cells were cocultured with H2kb+OVA+ tumor cell lines for 24 hrs. T cells 
transduced by MVm8 or Eco exhibited an antigen-specific release of IFNγ, showing that 
MVM8-mediated transduction generates functional CD8+ T cells. Untransduced T cells 
produced background levels of IFNγ only. Although more OT-I TCR+CD8+ T cells were 
present in MVm8-transduced samples there was no difference in IFNγ release compared to 
Eco-transduced samples (Fig.14). 
 
Fig.14 MVm8- and Eco-transduced primary T cells are equally functional  
Untransduced and transduced T cells from Fig.13 were cocultured with (OVA+) or without (OVA-) ovalbumin- 
and H2kb-expressing tumor cell lines (duplicates). T cells were incubated with medium alone (min) or 
ionomycin and PMA for TCR-independent simulation (max). Each bar depicts the mean and standard deviation 
of two independent experiments. IFNγ concentration was determined by ELISA. 
 
3.3.2 Transduction of B6-derived T cells by MVm4 
Next, the ability of MVm4 to transduce primary B6-derived T cells was tested using the 
identical procedure described in the previous section. Initial flow cytometric analysis on day 
two showed a slight expression of GFP (16%) mediated by MVm4 SIN-LV/GFP. Although 
not that pronounced, GFP expression was also detectable in cells transduced by MVm4 
gRV/GFP (1,7%). Nevertheless, on day five, in both samples the amount of GFP+ cells was 
reduced by approximately 90% (Fig.15A).  
Disaggregation of the nuclear envelope during the cell cycle is essential for stable 
transduction by gRV vectors. Thus, target cells have to be activated. This is achieved by the 
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the culture is supplemented with cytokines like IL-2 and IL-15 leading to an outgrowth of 
CD8+ over CD4+ T cells (Fig.15A, compare D2 and D5). To analyze if the presence of CD8+ 
T cells and the culture conditions led to the low transducability of CD4+ cells by MVm4, we 
negatively isolated them using magnetic beads, reaching purities above 90%. Since IL-15 is 
mostly beneficial for CD8+ T cells we supplemented with IL-2 only. General transducability 
of the cells was proven by application of Eco- and VSV-pseudotyped gRV/GFP reaching high 
transduction rates (Fig.15B). Nevertheless, transduction by MVm4 failed again and resulted 
in an initial shift of the CD4+ population towards GFP expression and a subsequent reduction 
of GFP+ cells until day five (Fig.15C). 
 
Fig.15 MVm4-mediated transduction of primary B6-derived T cells is inefficient  
(A) GFP and CD4 expression of unsorted B6-derived T cells by MVm4 gRV/GFP or SIN-LV/GFP. (B) GFP- 
and CD4 expression of CD4-enriched B6-derived T cells by two non-targeting vectors (Eco & VSV) harboring a 
gRV transfer vector and (C) by MVm4 gRV/GFP or SIN-LV/GFP. Numbers indicate percentages of cellular 
events within the gates. Analysis was performed by flow cytometry. 
As described in section 3.2.1, MVm4 harbors a targeting domain derived from the GK1.5 
hybridoma. To test whether the failure to transduce primary T cells is caused by this targeting 
domain, three new hybridomas were selected for generation of CD4-specific targeting 
domains. First, binding properties of the antibodies produced by the hybridomas were tested. 
To do so, concentrated supernatant from YTS.177.9.6.1 (177), YTS.191.1.1.2 (191) and 
YTA.3.1.2 (YTA) was used to stain primary CD4-sorted B6-derived splenocytes. A 
secondary fluorescein isothiocyanate (FITC) labeled antibody was used to visualize 
successful binding of primary CD4-specific antibodies to their target. All three new 
antibodies, as well as GK1.5, were able to stain primary B6-derived splenocytes compared to 
isotype controls. The 177-derived supernatant showed the lowest efficiency, while all others 
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Subsequently, all three antibodies, derived from 177, 191 and YTA, were configured as
scFvs and cloned onto the MV HΔ21A protein. To test whether the newly generated CD4-
specific targeting envelopes are efficiently packaging gRV/GFP, vector particles were 
generated and titrated on 58m4 cells. The newly generated targeting domains, 177, 191 and 
YTA, packaged gRV transfer vectors less efficiently and generated lower titers than GK1.5-
pseudotyped vector particles (Fig.16B). 
 
Fig.16 Newly generated mCD4-specific MV envelopes exhibit decreased viral titers  
(A) Histograms show primary B6-derived T cells stained by supernatant derived from the four different 
hybridomas (GK1.5, 177, 191, YTA). Primary cells were activated and staining was performed at the time point 
usually used for transduction. Gray curve: unstained cells. Black curve: Isotype control and secondary FITC-
conjugated antibody. Black filled curves: hybridoma supernatant and secondary FITC-conjugated antibody. 
Numbers indicate percentage of positive cells. Gating was set according to isotype control staining. (B) Titer of 
the gRV/GFP pseudotyped with one of the four mCD4-targeting envelopes was analyzed by titration of 
concentrated supernatant on 58m4 cells. (n=5) 
Nevertheless, when transducing mixed cultures of 58 T cells and 58m4 cells, with identical 
or similar multiplicity of infection (MOI=1), the 177- and the 191-pseudotyped vector 
particles performed as well as GK1.5-pseudotyped gRV/GFP, whereas YTA-pseudotyped 
gRV/GFP were less efficient (MOI=0.5). Low vector titers of YTA-pseudotyped vectors 
excluded the usage of MOIs higher than 0.5. Exclusive transduction of 58m4 cells showed 
that the specificity of all three newly generated CD4-specific targeting vectors was 
successfully redirected (Fig.17A). 
However, 177, 191 and YTA were also not able to transduce primary B6-derived 
splenocytes efficiently. GK1.5- and 177-pseudotyped vector particles reached around 5% 
stable transduction rate using an MOI of 1, which was never exceeded in repetitions of this 
experiment (Fig.17A).  
 
Using increasing MOIs of the different CD4-targeting vectors did not result in higher 
transduction rates but revealed a dose-dependent reduction in CD4 expression (Fig.17B). 
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of 0.5. The strongest decrease was seen when using 191-pseudotyped vectors. 
Downregulation of CD4 was not an effect of transduction or culture conditions per se, since 
application of CD4-unspecific vectors to the same cells did not result in lower expression 
levels of CD4 (Fig.17C). 
 
Fig.17 B6-derived CD4+ T cells are refractory to MVm4-mediated high level transduction  
(A) 1:1 ratio of 58 and 58m4 cells (upper row) or CD4-sorted primary B6-splenocytes (lower row) were 
analyzed for expression of CD4 and GFP by flow cytometry on day five after transduction. Gates were set 
accroding to untransduced controls. Numbers indicate percentage of positive cells. (B,C) Transduced B6-derived 
CD4+ T cells were analyzed for expression-levels of CD4 by flow cytometry on day two after transduction. Bar 
diagarms depict mean data and standard deviation of two independent experiments. All datapoints were 
normalized to untransduced cells. (B) Indicated below is the MOI of respective viruses used for transduction. 
 Taken together these results indicate, that MVm4 binds to CD4 on primary cells, but either 
does not initiate the fusion of the viral and the cell membrane or is not able to integrate into 
the host genome after cell entry. The latter possibility is highly unlikely, since gRV vectors, 
unlike LV vectors, delivered by other pseudotypes are able to stably integrate into primary 
B6-derived T cells (Fig.17C). Therefore, it is assumed, that upon binding of the MVm4 to 
CD4 the fusion process of the viral and cellular membrane is impaired. 
To test this hypothesis, B6-derived splenocytes were transduced again with MVm4- 
(GK1.5) and Eco-pseudotyped gRV/GFP vectors. Stable and efficient transduction was 
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towards GFP expression, which was lost after one week in culture, similar to previous 
observations (Fig.18A). In parallel to flow cytometry, confocal microscopy was performed. 
Eco-transduced cell exhibited an evenly distributed expression of GFP throughout the cell, 
indicating that GFP is located in the cytosol, whereas, GFP signal from MVm4-transduced 
cells was only detectable at the rim of the cells indicating that GFP is located at the cell 
membrane (Fig.18B). GFP is a cytosolic protein and is neither transported to the membrane 
nor secreted. From this, it is assumed that the GFP signal detected in MVm4-transduced 
samples represents viral particles harboring GFP molecules, expressed and packaged in 
transfected 293T cells. This phenomenon, named pseudotransduction, also explains the initial 
shift of the MVm4-transduced cells towards GFP expression as well as the loss of expression 
after a certain time of culture. This assumption is in line with the dose-dependent “down-
regulation” of CD4 after transduction described above. MVm4 particles bound to CD4 on the 
cell surface block staining by aCD4 antibodies. In conclusion, we were able to show that 
MVm4 is able to bind to its target but not to initiate the fusion of the viral and cellular 
membrane. 
 
Fig.18 Transient GFP expression is emitted by membrane-bound vector particles  
(A) GFP and CD3 expression of primary B6-derived T cells detected by flow cytometry on day one after 
transduction. Gates were set accordingly to unstained and untransduced controls. Numbers indicate percentages 
of positive cells. (B) Confocal microscopy of the same samples as in (A) on day one after transduction. White 
arrows mark examples of origin of GFP signals from the complete cell (Eco) or from the rim of the cell 
(MVm4). Magnification of untransduced and Eco: 40x, MVm4: 100x.  
In contrast, membrane fusion is not impaired on 58m4 cells transduced by MVm4. The CD4 
molecule used for generation of 58m4 is derived from B6 splenocytes and is identical in 
sequence. However, CD4 expression on 58m4 is driven by the strong viral MP71 promoter 
and is thus higher compared to B6 T cells. To analyze if cell entry is dependent on high 
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expression levels of CD4, CD4-sorted B6-derived splenocytes were transduced with MP71-
CD4, which was also used to generate 58m4 cells. This led to an increase of CD4 expression 
on B6 T cells (Fig.19A). Next, B6 T cells, expressing endogenous (- MP71-CD4) and 
exogenous (+ MP71-CD4) levels of CD4, were tested for their transducability by MVm4. B6 
T cells expressing endogenous levels of CD4 were not transduced by MVm4 gRV/GFP as 
observed in previous experiments. Surprisingly, identical MVm4 gRV/GFP vector stocks 
readily transduced B6 T cells expressing increased levels of CD4 (Fig.19B). A transduction 
rate of approximately 32% CD4+GFP+ cells was achieved and remained stable for 16 days 
after transduction (Fig.19C). General transducability of B6 T cells with low or high CD4 
expression levels was shown by transduction using Eco-pseudotyped gRV/GFP vectors 
(Fig.19D). 
 
Fig.19 Increased levels of CD4 render B6-derived T cells permissive for MVm4-mediated stable 
transduction  
(A) CD4 surface expression of B6-derived T cells analyzed by flow cytometry on day 1 after transduction with 
MP71-CD4. Unstained B6 T cells served as negative control. Plots are gated on CD4+ cells. (B) GFP and CD4 
expression of cells from (A), after transduction with MVm4 gRV/GFP analyzed by flow cytometry on day 2 
after transduction with MP71-CD4. (C) Stable GFP expression of CD4+ B6 T cells from B, right plot. Analyzed 
by flow cytometry on indicated days. (D) CD4 and GFP expression of B6 T cells transduced by either Eco 
gRV/GFP alone or by MP71-CD4 and  Eco gRV/GFP. Analyzed by flow cytometry on day two after 
transduction with MP71-CD4. Numbers indicate percentages of positive cells. 
 
3.3.3 Transduction of BALB/c-derived T cells 
Unmanipulated B6-derived T cells can be transduced by MVm8 but not by MVm4, making 
this mouse model futile for the purpose of this study. We therefore analyzed BALB/c mice for 
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Unmanipulated CD4-sorted BALB/c-derived splenocytes were efficiently transduced by 
MVm4 gRV/GFP reaching transduction rates of 69% CD4+GFP+ cells with an MOI of 2. Eco 
gRV/GFP reached a transduction rate of 44% CD4+GFP+ cells with the identical MOI 
(Fig.20A). GFP expression in MVm4-transduced cells was stable over a time period of 16 
days (Fig.20B). Regarding the results from Fig.19 we assumed that CD4 expression of 
BALB/c-derived splenocytes must be higher compared to B6-derived splenocytes. Flow 
cytometric analysis, however, showed that CD4 and CD8 expression levels before and two 
days after activation (time point of transduction) was identical in BALB/c- and B6-derived 
splenocytes (Fig.20C,D). Sequence analysis of BALB/c-derived CD4 cDNA showed no 




Fig.20 BALB/c-derived T cells are permissive for MVm4-mediated stable transduction  
(A) GFP and CD4 expression of BALB/c-derived T cells transduced by MVm4 gRV/GFP or Eco gRV/GFP 
analyzed by flow cytometry on day two after transduction. Numbers indicate percentages of positive cells. (B) 
Stable GFP expression of BALB/c-derived T cells transduced with MVm4 gRV/GFP vector (A, right panel) as 
analyzed by flow cytometry on indicated days. (C) Expression levels of CD4 on resting (day 0) and activated T 
cells (day 2). (D) Expression levels of CD8 on resting (D0) and activated T cells (D2). Both (C) and (D) were 
analyzed by flow cytometry. a.u.: arbitratry units 
 
Next, the ability of MVm8 and MVm4 to simultaneously transduce unsorted BALB/c T 
cells was assessed. To do so, MVm8 gRV/GFP and MVm4 gRV/mCherry vectors were 
mixed and the applied to activated T cells. Analysis of the transduced cells by flow cytometry 
showed an exclusive expression of GFP in CD8+ and mCherry in CD4+ T cells (Fig.21). The 
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feasibility of subset-specific transduction of primary T cells in vitro using the targeting 
vectors generated in this study. 
 
Fig.21 Simultaneous and exclusive transduction of primary CD4+ and CD8+ T cells by MVm4 and MVm8 
Expression of CD4, CD8, GFP and mCherry in a single sample of BALB/c-derived T cells analyzed by flow 
cytometry two days after transduction. One representative experiment of two is shown. 
 
3.4 In vivo T cell transduction 
3.4.1 Intraperitoneal transduction of polyclonal T cells 
Initial in vivo transduction experiments were performed with activated polyclonal B6-
derived T cells injected into the peritoneal cavity of Rag2-/- mice. Two days later MVm8 
gRV/GFP vectors or PBS was injected via the same route (intraperitoneally, i.p.). Mice were 
sacrificed on day four after injection of T cells and cells of the peritoneal cavity were 
analyzed for expression of GFP by flow cytometry (Fig.22A). In three out of three mice GFP+ 
cells were detected. GFP signals were exclusively restricted to CD8+ T cells (99%), whereas 
no GFP signal was detectable in CD8- cells from the peritoneal cavity (Fig.22B). 
Transduction efficiencies ranged from 1.2 to 5.8% CD3+CD8+GFP+ cells among all cells of 
the peritoneum. Mice that got PBS instead of MVm8 showed no GFP signals at all. The 
average transduction efficiency of intraperitoneal T cells was around 3% (Fig.22C). 
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Fig.22 Intraperitoneal transduction of CD8+ T cells by MVm8 gRV/GFP vectors  
(A) Schematic overview of experimental procedure. B6-derived T cells were activated and two days later 
injected in Rag2-/- mice i.p. Another two days later MVm8 gRV/GFP vectors were injected into the same 
compartment. (B) Mice were sacrificed another two days later and cells of the peritoneal cavity were analyzed 
for expression of CD8 and GFP by flow cytometry. Left panel is gated on GFP- and right panel on GFP+ cells. 
Numbers indicate percentages of positive cells. (C) Intraperitoneal transduction efficiency is shown as 
percentage of CD3+CD8+GFP+ cells analyzed by flow cytometry. Datapoints represent individual mice. 
 
3.4.2 In vivo transduction of polyclonal T cells by systemic application of MVm8 
MVm8 successfully transduced CD8+ T cells after being given i.p. To test its ability to 
transduce CD8+ T cells also by systemic application, MVm8-pseudotyped gRV vectors 
encoding for the OVA-specific OT-I TCR and a luciferase (MVm8 gRV/OT-I-luc) were 
injected intravenously (i.v.) into Rag2-/- mice, which have been repopulated with activated 
B6-splenocytes beforehand. Five days after i.v.-injection of MVm8 gRV/OT-I-Luc mice were 
immunized with irradiated OVA+ colon carcinoma cells (MC38-OVA) by subcutaneous (s.c.) 
injection into the flank. Flow cytometric analysis of peripheral blood obtained five days after 
immunization showed, that all 5 mice injected with MVm8 showed elevated levels of OT-I-
α+β+ T cells compared to mice that were injected with PBS. The percentage of OT-I-α+β+ T 
cells ranged from 1.9 to 5.4% (subtracted by an average signal of 0.4% detected in PBS 
mice). In average approximately 3.2% of peripheral T cells were transduced by systemically 
applied MVm8 vector (Fig.23).  
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Fig.23 In vivo-transduced polyclonal T cells detected in peripheral blood after immunization  
OT-I-αβ surface expression in peripheral blood of Rag2-/- mice repopulated with B6-derived splenocytes 
analyzed by flow cytometry on day 5 after immunization. Mice were i.v. injected with PBS or MVm8 gRV/OT-
I-luc. Numbers indicate percentages of positive cells. FACS plots are gated on living cells. 
The incorporation of a luciferase reporter gene into the vector construct allowed live 
imaging of in vivo-transduced T cells. Mice were imaged daily starting five days after 
immunization or boosting until the luciferase signal vanished. A recovery time of at least four 
weeks was scheduled between initial immunization (priming) and boostings. In each in vivo 
transduction experiment three groups were analyzed: (i) mice injected with PBS, (ii) MVm8 
gRV/OT-I-luc or (iii) Eco gRV/OT-I-luc. All mice were repopulated with B6-derived T cells 
2 days before injection. Identical vector titers for MVm8 and Eco were applied mostly (table 
2). 
Specific luciferase signals were detected in mice injected with MVm8 gRV/OT-I-luc, but 
not in mice that received PBS or titer-adjusted Eco gRV/OT-I-luc. After priming in most, but 
not all mice (5/7), an initial luciferase signal was detected in the draining lymph node of the 
injection site. During the course of the immune response the luciferase signal moved to the 
actual site of injection of irradiated MC38-OVA cells, where it increased over time before 
vanishing (Fig.24A). While PBS-injected mice did not show any luciferase signals, mice that 
received Eco gRV/OT-I-luc showed luciferase at the day of priming on the flank contralateral 
to immunization (day 0). Only on day seven a weak luciferase signals on the correct flank was 
detectable (Fig.24A). Subsequently, mice were boosted twice. Neither the PBS nor the Eco 
mice showed any luciferase signals during the course of the experiment. In mice injected with 
MVm8, however, specific luciferase signals were restored, even if the irradiated MC38-OVA 
cells were injected into the contralateral flank (Fig.24B). 
Importantly, if mice were injected with elevated titers of Eco gRV/OT-I-luc (7x106 
TU/mouse/200µl), high luciferase signals were detectable all over the mouse (Fig.24C). After 
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inner organs, e.g. spleen, liver, etc., were visible (Fig.24C, red box). PBS-injected mice 
showed no luciferase signal at all, whereas MVm8-injected mice within the same experiment 
still emitted a restricted luciferase signal from the site of immunization, with similar kinetics 
as previously mentioned. 
 
Fig.24 In vivo-transduced T cells home towards sites of antigenic stimulation and proliferate  
Luciferase signals of representative Rag2-/- mice, repopulated by B6-derived splenocytes and injected by either 
PBS, Eco gRV/OT-I-luc or MVm8 gRV/OT-I-luc, imaged using IVIS, (A) after priming or (B) 1st (day 6) and 
2nd (day 5) boosting with irradiated MC38-OVA cells. Numbers in (A) indicate days after priming. (C) 
Luciferase signals of Rag2-/- mice, repopulated by P14-derived splenocytes and injected by either PBS, Eco 
gRV/OT-I-luc or MVm8 gRV/OT-I-luc, imaged using IVIS. Day 8 after priming. IVIS-parameters: min=2.5x104 
and max=1x105 (p/sec/cm2/sr). IVIS-parameters for red box: min=2.5x105 and max=1.5x106 (p/sec/cm2/sr). Red 
arrow marks signal from draining lymphnode. Black dashed arrow marks site of injection of irradiated MC38-
OVA cells. (D) Course of luciferase signal over the complete duration of the experiment detected on the site of 
immunization or boosting from the MVm8-injected mouse shown in (A) using IVIS. 
In conclusion, MVm8 was able to transduce T cells directly in vivo by systemic application. 
Transduced T cells were OT-I-TCR+ and expressed luciferase. They homed towards sites of 
antigenic stimulation, expanded and contracted again, as shown by luciferase expression and 
live imaging of mice. Titer-adjusted Eco vectors were not able to transduce sufficient 










4 8 12 







































OVA+ OVA+ OVA+ 
7 10 14 0 
  Results 
47 
Table 2 summarizes all in vivo transduction experiments using polyclonal B6-derived 
splenocytes. An average transduction efficiency of 37% was achieved by injection of 
approximately 0.7x106 TU/mouse (mean of 4 experiments), meaning that a positive luciferase 
signal was observed in seven out of 19 mice that received MVm8-pseudotyped vector 
particles. Differences between the individual experimental settings were the origin of the 
luciferase and the nature of antigen used for stimulation. Ultimately, the firefly luciferase and 
irradiated MC38-OVA cells were used for all further in vivo transduction experiments (table 
2). 
 
Table 2: Summary of in vivo transduction experiments using B6-derived polyclonal T cells 
# donor recipient TCR luciferase TU/mouse stimulus positive mice 
01 B6 Rag2-/- OT1 Renilla 1.2x106 MC38-OVA 2/3 (66%) 
02 B6 Rag2-/- OT1 Renilla 0.6x106 SIINFEKL-pept. 2/5 (40%) 
03 B6 Rag2-/- OT1 Firefly 0.4x106 irr. MC38-OVA 1/3 (33%) 
04 B6 Rag2-/- OT1 Firefly 0.7x106 irr. MC38-OVA 2/8 (25%) 
       7/19 (37%) 
 
Next, the therapeutic potential of in vivo-transduced T cells was analyzed. MC38-OVA is a 
rapidly growing progressor tumor, which was chosen for immunization because of its high 
OVA expression levels (Fig.25A,B). Rag2-/- mice were injected with a tumorigenic dose of 
MC38-OVA cells, which formed an established tumor first palpable after eight days at which 
point T cells were i.v.-injected. 24 hours later MVm8 gRV/OT-I-luc vector or PBS was 
injected. Mice were, subsequently, imaged over a period of 17 days. In vivo-transduced T 
cells were detectable in two out of three mice (table 2, Fig.25C). They homed towards MC38-
OVA and proliferated reflected by the steady increase of luciferase signal intensity over time. 
PBS-injected mice showed no detectable signs of luciferase expression beyond background. 
The increase of luciferase signal in MVm8-injected mice paralleled tumor growth with both 
peaking on day 17. Despite this, the in vivo-transduced T cells were not able to affect tumor 
outgrowth (Fig.25D). All mice had to be sacrificed 17 days after in vivo transduction. 
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Fig.25 In vivo-transduced T cells homing to established tumors have no impact on tumor outgrowth  
(A) Expression of H2kb presenting SIINFEKL peptide on EG.7 and MC38-OVA tumor cell lines analyzed by 
flow cytometry. Gray filled curve is unstained MC38-OVA. Number indicates percentage of MC38-OVA+ cells 
(B) In vitro growth kinetics of MC38-OVA cells over a time period of 14 days analyzed by viable cell counting. 
(C) Luciferase signals of Rag2-/- mice, repopulated by B6-derived splenocytes and injected by either PBS or 
MVm8 gRV/OT-I-luc on day four and day 17, imaged using IVIS. IVIS-parameters: min=2.5x104 and 
max=1x105 (p/sec/cm2/sr). Red gates mark tumor area. Two representative mice out of five are shown. (D) 
Average luciferase signal of marked tumor areas from (C) are depicted over a time period of 17 days (black 
curves). The average tumorsize of all three mice that received MVm8 is depicted over the same time period 
(grey curve). 
 
There were two assumptions why in vivo-transduced T cells failed to reject established 
MC38-OVA tumors: (i) the rapid growth kinetic, which possibly killed the mice before the in 
vivo-transduced T cells could become effective and (ii) the transduction of T cells after the 
tumor being established, which means that the still naïve in vivo-transduced T cells were at 
too low precursor frequencies at the time of tumor contact. The experimental setup was 
changed accordingly. T cells were transduced in vivo as described above and all mice, 
including the PBS-injected mice, underwent a prime-boost protocol. Four weeks after the 
second boost mice were challenged with a tumorigenic dose of MC38-OVA cells. However, 
in this case, all mice, including PBS-injected mice, rejected the tumor (Fig.26, iv-TD-03).  
As mentioned above, MC38-OVA is a progressor tumor, which means that it is not rejected 
when injected into immune competent mice as opposed to regressor tumors, which do not 
manifest if a functional immune system is present (e.g. EG.7 tumor). Besides the high 
expression level of OVA, MC38-OVA was also chosen for tumor rejection experiments 
because Rag2-/- mice, which have been repopulated by a polyclonal B6-derived immune cell 
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MVm8 or PBS would be visible. But, the application of a harsh prime-boost protocol leads to 
a functional polyclonal immunity against MC38-OVA cells making this approach futile. 
 
 
Fig.26 Timeline of tumor challenge experiments  
Schematic overview of the chronology of tumor rejection experiments and prime-boost protocol used. 
 
3.4.3 In vivo transduction of monoclonal T cells by systemic application of MVm8 
Polyclonal T cells were not suitable to dissect the contributions of in vivo-transduced T cells 
to tumor rejection. Therefore, monoclonal T cells expressing the P14 TCR, specific for a 
lymphocytic choriomeningitis virus-derived gp33-epitope, were used for upcoming 
experiments described in this section. T cells derived from P14-Rag1-/- mice are strictly 
tolerant against MC38-OVA cells, since they harbor a single specificity. This means that any 
protective immunity against OVA+ tumor cells or pathogens in mice repopulated with P14 T 
cells can be traced back to in vivo OT1-TCR-transduced T cells. 
Rag2-/- mice were repopulated with approximately 6x106 CD3+CD8+ T cells either derived 
from B6 or P14 mice. Flow cytometric analysis of identical volumes of peripheral blood on 
day two and day five revealed an approximately ten-fold better engraftment of B6-derived T 
cells compared to P14 T cells (Fig.27A). Nevertheless, P14-derived T cells were successfully 
transduced in vivo, in six out of six mice, by MVm8 gRV/OT-I-luc emitting strong luciferase 
signals from the site of antigenic stimulation, but not from the contralateral site, where 
irradiated antigen- MC38 cells were injected. Overall, the efficacy of in vivo transduction 
increased from 37% to 94% by using monoclonal donor T cells (compare table 2 and table 3). 
In most but not all mice there was again an initial luciferase signal coming from the draining 
lymph node after priming but not after subsequent boostings, as observed in B6-repopulated 
mice. No luciferase signals were observed in PBS- or titer-adjusted Eco-injected mice 
(Fig.27B). In average, P14-repopulated mice emitted 20-fold stronger luciferase signals than 
B6-repopulated mice after in vivo transduction with 0.47x106 TU/mouse (mean of three 
experiments) and subsequent priming (Fig.27C). Tetramer staining on day five after priming 
1 2 7 28 49 
Injection of T cells 
Injection of virus priming 1st boost 2nd boost 
(days) 
Tumor challenge (MC38 OVA) 
Tumor outgrowth: 5/5 
(iv-TD-01) 
Tumor challenge (MC38 OVA) 
Tumor outgrowth: 0/5 
(iv-TD-03) 
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showed a two-fold higher amount of CD8+Tet+ T cells in peripheral blood of P14-repopulated 
mice compared to B6-repopulated mice (Fig.27D). 
 
Fig.27 In vivo transduction of P14-derived splenocytes results in higher frequencies of OT-I-TCR+ cells 
(A) CD3 and CD8 expression of B6- or P14-derived T cells in peripheral blood of Rag2-/- mice analyzed by 
FACS. Numbers indicate percentage of positive cells. One representative plot for each group is shown. (B) 
Luciferase-signal determined for each mouse by IVIS (day eight after priming). Black arrows indicate sites of 
injection of MC38 (right flank) or MC38-OVA (left flank). IVIS-parameters are: min=2.5x104 and max=1x105 
(p/sec/cm2/sr). (C) Total luciferase signal over time determined by IVIS. Shown is the average luciferase signal 
from mice repopulated with P14- (circles, n=6) or B6-derived (squares, n=3) splenocytes and primed with 
irradiated MC38-OVA cells. Automatic contour gates were set to define regions of interest. Total luciferase 
signal was calculated for each mouse. Mean ± SEM. (D) Tetramer staining of B6- or P14-derived T cells in 
peripheral blood of Rag2-/- mice analyzed by FACS (day five). Numbers indicate percentage of positive cells. 
One representative plot for each group is shown. 
 
Table 3: Summary of in vivo transductions experiments using P14-derived monoclonal T cells 
# donor recipient TCR luciferase TU/mouse stimulus positive mice 
01 P14 Rag2-/- OT1 Firefly 0.3x106 irr. MC38-OVA 5/6 (83%) 
02 P14 Rag2-/- OT1 Firefly 0.6x106 irr. MC38-OVA 6/6 (100%) 
03 P14 Rag2-/- OT1 Firefly 0.5x106 irr. MC38-OVA 6/6 (100%) 
       17/18 (94%) 
MVm8 Eco PBS 
OVA+ OVA- 
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3.4.4 Protective immunity against Listeria monocytogenes by in vivo-transduced T cells
P14-repopulated mice showing strong luciferase signals indicating high levels of in vivo-
transduced T cells were challenged with a tumorigenic dose of MC38-OVA cells after the 
first boost. As observed in B6-repopulated mice no functional immunity against MC38-OVA 
tumors could be observed, although in vivo-transduced T cells again homed to the site of 
injection and remained at the tumor until mice had to be sacrificed. Tumor growth was 
delayed in one mouse that received MVm8 gRV/OT-I-luc (Fig.28A,B) 
 
Fig.28 In vivo-transduced P14 T cells do not prevent tumor outgrowth  
(A) Luciferase-signal determined for each mouse by IVIS (D8 after injection of MC38-OVA). Black arrow 
indicates site of injection of MC38-OVA. IVIS-parameters are: min=2.5x104 and max=1x105 (p/sec/cm2/sr). (B) 
Tumor volumes were measured along three orthogonal axes (a, b, and c).  
 
In parallel to tumor rejection experiments P14-repopulated and in vivo-transduced mice 
were also challenged with OVA transgenic listeria monocytogenes (LM-OVA) after priming. 
Although all mice that received MVm8 gRV/OT-I-luc were successfully transduced in vivo, 
the intensity of the luciferase signal differed strongly between individual mice. When 
challenged with LM-OVA those mice that show low luciferase signals (MVm8lo) were not 
protected, whereas mice emitting strong luciferase signals exhibited a protective immunity. 
PBS- or titer-adjusted Eco-injected mice showed no luciferase activity and were not protected 
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Fig.29 Protective immunity depends on in vivo transduction efficiency  
Luciferase signal determined for each mouse by IVIS (day eight after injection of MC38-OVA, left panel). Black 
arrow indicates site of injection of MC38-OVA. IVIS-parameters are: min=2.5x104 and max=1x105 
(p/sec/cm2/sr). One mouse per group is shown. Percentage of colony forming units (CFU) derived from single 
cell suspensions from each individual mouse is shown normalized to the PBS-injected mouse (right panel). 
Rag2-/- mice were challenged with pathogenic doses of LM-OVA. Three days later, mice were sacrificed, spleens 
isolated and fractions of single-cell-suspensions were plated. 24 hrs later CFUs were counted and calculated 
back to whole organ of individual mice. 
 
Next, mice emitting strong luciferase signals after in vivo transduction were generated and 
challenged with LM-OVA. Compared to PBS control mice, MVm8-injected mice were 
significantly better protected against LM-OVA infection, with approximately 100-fold less 
colony forming units, thereby proving that in vivo-transduced T cells are functional and can 
build up a protective immunity (Fig.30). 
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Fig.30 Mice harboring in vivo-transduced T cells are protected against LM-OVA  
Number of colony forming units (CFU) derived from single cell suspensions from each individual mouse is 
shown. Rag2-/- mice were challenged with pathogenic doses of LM-OVA. Three days later, mice were sacrificed, 
spleens isolated and fractions of single cell suspensions were plated. 24 hrs later CFUs were counted and 
calculated back to whole organ of individual mice. Pooled data of two independent experiments. PBS (n=3), 
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4 Discussion 
T cell based immunotherapies are the most promising therapeutic strategies for cancer 
patients refractory to classical treatments. While most approaches, e.g. checkpoint inhibitors 
or DC vaccination, rely on the presence of functional tumor-reactive T cell populations in the 
autologous repertoire of patients, TCR and CAR engineering can create those populations and 
thereby fill in immunological gaps. Thus, genetic engineering of T cells is the most 
straightforward immunotherapeutic approach. The introduced antigen receptors can redirect 
the cytotoxic activities of autologous T cells to almost any desired specificity, including 
pathogen-derived antigens. Generation of receptor-engineered T cells is performed in two 
steps. First, viral vector particles encoding for the tumor-reactive receptor have to be 
generated, second, patient-derived T cells have to be isolated from peripheral blood, activated, 
transduced and expanded to sufficient numbers before reinjection. All steps have to be 
performed under GMP conditions. While the viral particles are quality-controlled off-the-
shelf products, the condition of the T cells may vary strongly from patient to patient, 
depending on the nature and stage of disease, as well as previous treatment regimes. Long ex 
vivo cultures, potentially needed for engineering and generation of therapeutic numbers might 
further reduce the in vivo functionality of T cells.89 Thus, a lot of effort is put in identifying, 
isolating and artificially generating “young” T cell phenotypes, such as naïve, stem cell 
memory or central memory T cells, or by inducing pluripotency followed by engineering and 
re-differentiation.93–95,152,153 Including these strategies into above-mentioned GMP production 
cycles will require even further efforts and expand the time period needed for manufacturing 
the final therapeutic T cell product. 
Non-viral gene transfer techniques may be able to reduce the time needed for production of 
engineered T cells. Most promising and advanced farthest in clinical development is the 
Sleeping Beauty transposon/transposase system, but other non-viral techniques such as zinc-
finger nucleases, transcription activator-like effector nucleases (TALENs), and the clustered 
regularly interspersed short palindromic repeat (CRISPR)-Cas9 system, might also be 
interesting options in future.154,155 However, like all viral vectors used in clinic so far, non-
viral vectors are not able to distinguish between subsets of T cells, as for example CD8+ and 
CD4+ T cells. Most preclinical and clinical studies focused on CD8+ Tc cells. The importance 
of including CD4+ Th1 or Th17 cells into the design of clinical trials is underlined by many 
studies in recent years.156,157 Based on this data, it is likely that combining tumor-reactive 
CD4+ and CD8+ T cells results in better therapeutic outcomes when translated to clinics. 
Technically, this critical endeavor demands techniques allowing the transfer of different 
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transgenes into both T cell subsets, e.g. an MHC I-restricted TCR in CD8+ Tc and an MHC II-
restricted TCR into CD4+ Th cells. Owing to the inability of current gene transfer platforms to 
discriminate both T cell subsets, the only option is to separate them and transduce both 
individually. This can be achieved either by labeled magnetic beads or by staining and 
subsequent flow cytometry assisted sorting. However, both ways add another level of 
complexity to the highly demanding production procedure of engineered T cells described 
above, potentially decreasing in vivo efficacy further. 
This thesis provides a viral vector-based technology, allowing the simultaneous delivery of 
distinct transgenes into both CD8+ and CD4+ T cells without any further manipulation. 
Beyond that, it also fulfills the primary requirement for transducing both T cell subsets in 
vivo, which is the exclusive specificity of MVm4 and MVm8. By doing so, ex vivo culture 
and accompanying negative effects can be excluded. Further, it has been shown, that MVm8-
pseudotyped vector particles are able to transduce T cells by systemic application retargeting 
them to desired specificities. In vivo-transduced T cells homed specifically towards sites of 
antigenic stimulation, expanded and retracted in population size, were maintained over a long 
period of time and where able to exhibit protective immunity when challenged with LM-
OVA. 
 
4.1 Overcoming low titers of MV-pseudotyped retroviral vectors 
Pseudotyping - the incorporation of glycoproteins, derived from other enveloped viruses - is 
a phenomenon occurring during viral assembly in cells infected with more than one virus.158 
The technological exploitation of this phenomenon has to a large extend, but not exclusively, 
focused on lentiviral vectors and allows the alteration of natural viral tropisms. HIV-1 was 
among the first viruses where pseudotyping through phenotypic mixing was shown.159–162 
Owing to its high stability and broad tropism, VSV-g became one of todays most commonly 
used LV pseudotypes.163–166 VSV-pseudotyped LV vectors yield very high titers and are 
stable enough to be further concentrated by ultracentrifugation. This way, titers up to 109 
TU/ml can be achieved. Nevertheless, by retargeting VSV only a relative specificity is 
achieved, since both the wild type as well as the modified glycoprotein have to be 
incorporated in one vector particle.167 On the other hand, high viral titers are indispensable for 
efficient transgene delivery in vitro and especially in vivo. As outlined in the introduction, 
two-component envelopes, like the MV envelope, are ideally suited for retargeting retroviral 
vector particles and achieve complete and exclusive specificities. However, not all envelope 
vector combinations are compatible. For example, pseudotyping LV vectors with wild type 
MV envelope glycoproteins results in titers of less than 30 TU/ml most probably due to steric 
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interferences between the intracellular domains of the MV glycoproteins and the LV-derived 
matrix proteins, which are lining the inner part of the cell membrane. This is confirmed by the 
fact that the usage of MV envelope tail variants does not lead to a higher expression of the 
glycoproteins in vector producing cells, but to an improved incorporation into the budding 
vector particles.128 Screening of eleven combinations of H and F tail variants revealed that the 
HΔ18-FΔ30 combination yields the highest titer when pseudotyping LV vectors.128 Applying 
the same H-F combination to gRV vectors could not exceed titers of ca. 104 TU/ml after 
concentration by ultracentrifugation, while usage of the HΔ21A-FΔ24 combination yielded 
titers in the range of 106-107 TU/ml. We observed that efficient pseudotyping of gRV vectors 
by MV envelopes is mainly mediated by the FΔ24 tail variant. From all eight tail variant 
combinations that yielded an at least 10-fold higher transduction rate than the HΔ18-FΔ30 
combination when pseudotyping gRV vectors, only one did utilize FΔ30 instead of FΔ24. 
Interestingly, in this case FΔ30 paired with HΔ21A. Thus, it seems logical that pairing of 
FΔ24 and HΔ21A resulted in such an extraordinary good production of vector particles. 
Surprisingly, the structurally most closely related H tail variants, HΔ21 and HΔ22, resulted in 
substantially lower titers when combined with FΔ24. HΔ21A-FΔ24 yielded approximately 
10-fold higher titers than HΔ21-FΔ24 (106 TU/ml) and even 100-fold higher titers than 
HΔ22-FΔ24 (105 TU/ml). Thus, an amazingly little variation, in this case the substitution of 
one single amino-acid, can lead to tremendous changes in viral vector titers. The different 
usage of H and F tail variants on the other hand can be attributed to structural differences of 
the matrix proteins of LV and gRV vectors, although in our hands the HΔ21A-FΔ24-
combination, which has not been analyzed by Funke et al., also increased LV titers 
substantially.128 
The range of titer achieved in this thesis was sufficient to transduce T cells both in vitro and 
in vivo in mice. However, when translating this technology to humans increasing the titer 
further is desirable. Measles virus belongs to the Morbillivirus genus within the 
Paramyxovirus family. All paramyxoviruses have a similar virion structure including the use 
of two distinct envelope glycoproteins. Thus, in theory, other members of the paramyxovirus 
family are also eligible for being redirected towards new specificities and pseudotyping RV 
vectors. This has already been shown for the Tupaia paramyxovirus, which is not a member 
of the Morbillivirus genus.168 In this study, LV vectors were successfully pseudotyped with 
Tupaia virus-derived envelope glycoproteins redirected against human CD20, not 
substantially increasing titers compared to MV-pseudotyped LV vectors. However, this 
observation proves that other members of the paramyxovirus family are suitable pseudotypes 
for LV vectors, proving once again the flexibility of this system. In addition, Bender et al. 
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have shown that Nipah virus glycoproteins are more effective in pseudotyping LV vectors 
leading to an increase in titer compared to MV and Tupaia virus pseudotypes (oral 
presentation, XXI. Annual Meeting of German Society for Gene Therapy). Thus, for clinical 
application in humans Nipah virus pseudotypes might be the more valuable vector choice. 
Another aspect of consideration is the source of targeting domains. In most cases targeting 
domains used for redirection of RV vectors are single chain antibody fragments specific for 
their respective target.146 But theoretically any specific protein binding domain could be used. 
The usage of DARPINs as targeting domains has been shown to result in a more stabilized H 
protein leading to improved titers.147,169 
After obtaining the final configuration of the targeting vector, concerning tail variants, 
glycoprotein ancestry and nature of targeting domain, the development of a stable packaging 
cell line is worthwhile. Stable production conditions enable higher titers, because in contrast 
to transient production conditions all cells are producing virus and are derived from a single 
clone tested for its efficiency. In contrast to wild type MV glycoproteins, redirected MV 
envelopes do not induce formation of syncytia, making this approach feasible. Thus, large 
scale flow-through or steady-state systems could be developed producing large volumes of 
virus-containing supernatant which can be further purified and concentrated in down-stream 
processes while maintaining the biological activity of the viral vectors.170 Examples of such 
methods are gradient centrifugation through sucrose or CsCl, PEG precipitation, membrane 
ultrafiltration or chromatographic approaches, partly being commercially available. One 
purification method being relevant for in vivo applications is the pretreatment of virus-
containing supernatant with poly-L-lysine resulting in complexes that can be isolated by low-
speed centrifugation. Conventional ultracentrifugation requires 18 rounds of centrifugation 
and more than 50 hrs to process three liters of supernatant, compared to a single 
centrifugation and two hrs using poly-L-lysine with low-speed centrifuges.171 A second 
option is to use continuous flow centrifugation methods developed for the concentration of 
viral particles, which also allows the processing of large quantities of supernatant.172  
Finally, while from a regulatory and animal welfare perspective the maximum volume being 
injected i.v. into a single mouse is restricted to appr. 200 µl, it is possible to inject 500 – 
1000 ml into a patient if necessary. Thus, based on an average titer of appr. 1x106 TU/ml we 
would inject around 2x105 virus particles into a single mouse, whereas a human individual 
would receive virus particles in the range of 5x108 to 1x109 in a single dose. 
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4.2 Simultaneous transduction of CD8+ and CD4+ T cells in vitro 
The key role of CD8+ Tc cells in anti-tumor and anti-viral immunity is undisputed. CD8+ Tc 
cells are capable of recognizing and destroying infected as well as transformed MHC I+ cells 
in a direct cell-to-cell manner. Since most tumor cells do not express MHC II molecules the 
role of CD4+ Th cells in anti-tumor immunity has been long underestimated. However, in 
1970´s and 1980´s first experimental data showed that also CD4+ Th cells can exhibit anti-
tumor activities, by preventing virus-induced sarcomas, eradicating disseminated leukemia 
and rejecting transplantable tumors.173–176 MHC II expression is rarely found on tumor cells 
and may be induced in some tumor entities by IFNγ stimulation.177–179 In such cases efficient 
elimination of tumor cells mediated by CD4+ Th cells in vivo has been reported.152,180,181 
Mechanisms of direct tumor cell killing by CD4+ Th cells include Fas-FasL-interaction as 
well as expression of granzyme B and perforin.182,183 The majority of tumors, however, lack 
MHC II expression. In these cases CD4+ Th cell-mediated tumor rejection has been associated 
with the activation and recruitment of tumor-infiltrating APCs or the modulation of the tumor 
stroma.44,181 The existence of tumor-derived epitopes presented on MHC II molecules is now 
well established, with approximately 137 identified and validated pMHC II complexes, from 
which 86 are considered to be tumor-specific or cancer-testis antigens.184 Although no clinical 
study has so far analyzed the potential of engineered CD4+ Th cells alone, there is one case 
study of a melanoma patient being in complete remission upon a single infusion of an ex vivo-
generated clonal population of tumor-reactive CD4+ Th cells.185 This population recognized 
an NY-ESO1-derived HLA-DOB1*04:01-restricted epitope, which was present in 50-75% of 
all tumor cells. Complete remission was associated with epitope spreading, which is attributed 
to tumor-reactive CD4+ Th but not CD8+ Tc cells, further strengthening the importance of 
combining both T cell subsets.185,186 The most practical and straightforward way to generate 
mixed tumor-reactive T cell products is the simultaneous engineering of both T cell subsets. 
MV-pseudotyped retargeted vector particles have proven to be a highly flexible and 
efficient technology.146 However, the simultaneous delivery of transgenes into different types 
of cells adds another level of complexity to this system and has never been tried before. The 
fundamental feature for delivering distinct transgenes into two different types of cells 
simultaneously is the exclusive specificity of both targeting vectors. Two experiments within 
this thesis prove that MVm4 and MVm8 are highly specific and deliver transgenes 
exclusively to the desired target cells. First, we determined CD4 and CD8 being the true entry 
gates for MVm4- and MVm8-pseudotyped vector particles by incubating target cells with 
blocking antibodies. This resulted in a dose-dependent decrease of transduction efficiency in 
both cases. Second, selective transduction of receptor-positive cells was shown when MVm4- 
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or MVm8-pseudotyped vector particles were added to mixed cultures of cells. This mixture 
consisted of receptor-positive cells and the receptor-negative parental cell line. Thus, 
transduction is solely attributed to the presence of CD4 or CD8 on the respective target cell 
line. Finally, we show that the simultaneous transduction of mixed receptor-positive cell lines 
as well as primary cells is feasible using MVm4- and MVm8-pseudotyped vector particles. 
By mixing supernatants containing both viral particles before applying them to a single 
sample of mixed cells we observed no decrease in specificity at all. In both cases – cell lines 
and primary cells – signals were detected exclusively in the desired subset of cells. In addition 
to that, analysis of in vivo-transduced cells by application of MVm8-pseudotyped vector 
particles i.p. showed that 100% of cells expressing GFP were also CD8+. Thus, the specificity 
of the targeting vectors is retained in vivo. 
To our knowledge this thesis describes for the first time the genetic engineering of two 
different subsets of cells simultaneously with different transgenes. 
 
However, above-mentioned simultaneous application of MVm4- and MVm8-pseudotyped 
vector particles to primary T cell subsets only succeeded when those cells originated from 
mice of BALB/c but not of B6 background. This surprising observation will be discussed in 
the next paragraph. 
 
4.3 Identification of a suitable mouse strain for MVm4-mediated transduction 
Initial attempts to transduce primary B6-derived CD4+ T cells by MVm4-pseudoytped 
vector particles failed although high-titer supernatants were applied. 
Culture conditions used in our laboratory to activate and propagate primary murine T cells 
favor expansion of CD8+ over CD4+ T cells, resulting in purely CD8+ T cell cultures after 
approximately five to seven days. Thus, it seemed likely that the inability of MVm4 to 
transduce its target cells is due to inadequate activation of CD4+ T cells preventing 
proliferation, which is crucial for the ability of gRV vectors to transduce cells. As a 
consequence we sorted primary CD4+ T cells using magnetic beads reaching purities of more 
than 95% in average. These cells were properly activated and also proliferated as observed by 
an increase in granularity, cell size and number of cells, analyzed by microscopy and flow 
cytometry. However, they were again mostly refractory to MVm4-mediated transduction. The 
level of transduction efficiency achieved throughout all experiments was in the range of 1-8% 
of GFP+CD4+ cells. Regarding the fact that we used MOIs up to four, we expected much 
higher transduction rates. 
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We next hypothesized that possibly a special feature of the mAB GK1.5-derived targeting 
domain leads to prevention or hampering of fusion-mediated cell entry. Strangely, this feature 
should only be effective on primary cells but not on the 58m4 cell line. Nevertheless, to rule 
out that it was a GK1.5-derived effect we generated three other CD4-specific targeting 
domains and grafted them on the H protein. All three new MVm4 envelopes were 
incorporated into vector particles and were able to transduce the 58m4 cell line. However, 
again none of those CD4 targeting vector particles reached transduction rates above 1-7% on 
primary B6-derived CD4+-sorted samples. 
The repeated failure of transducing primary CD4+ T cells using targeting domains derived 
from different CD4-specific antibodies led us to put more effort in analyzing the different 
steps of the transduction process to narrow down the problem. We focused on the transient 
shift of CD4+ T cells towards GFP expression after transduction with MVm4-pseudotyped 
vectors. This observation could be explained by pseudotransduction of cells. 
Pseudotransduction is a phenomenon provoked by random packaging, in this case, of GFP 
proteins during vector production into budding vector particles. These GFP proteins are then 
released into the cytosol of target cells and can be detected as false-positive signals. 
Pseudotransduction is transient because proteins that are subsequently degraded with a kinetic 
depending on their half-life mediate it. Pseudotransduction can occur with or without 
additional packaging of the transfer vector that in contrast mediates stable transduction of 
cells. From experiments with the 58m4 cell line, which were stably transduced by identical 
supernatants used for transduction of primary B6-derived T cells we reasoned that also 
transfer vectors were readily packaged into vector particles, being in general able to mediate 
integration and stable transduction. Beyond that, when identical transfer vectors were 
delivered into the same B6-derived CD4+ T cells using entry gates other than CD4, they were 
easily and efficiently transduced leading to stable expression of the transgene. Taken together, 
we assumed that GFP protein-harboring MVm4-pseudotyped vector particles were binding to 
CD4 on the surface of B6-derived T cells but failed to initiate the fusion process for unknown 
reasons. 
Confocal microscopy analysis supported this hypothesis. Application of Eco-pseudotyped 
vectors led to a GFP signal distributed all over the cells, possibly originating from the cytosol, 
whereas GFP signals were only detectable at the rim of the cells, co-localized with the 
expression of CD3, when MVm4 was applied. This result conforms to the transient shift of 
CD4+ populations towards GFP expression detected by flow cytometry. Based on this data we 
concluded that the uptake of MVm4-pseudotyped vector particles bound to CD4 on the cell 
surface is impaired. Since the complete process of binding of redirected H protein, 
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recruitment of F Protein to the binding site and subsequent fusion and cell entry was in 
principal successful the problem must have been allocated to B6-derived CD4+ T cells. 
In an attempt to understand if CD4 as an entry gate can be functional on B6-derived T cells 
we artificially increased the surface expression level of B6-derived CD4 molecules by genetic 
engineering. The transgene used for this experiment is originally derived from B6 T cells. 
When MVm4-pseudotyped vector particles where used for transduction of these B6-derived T 
cells stable and long-term transduction was achieved. 
Although this loop way approach enabled us to transduce finally B6-derived T cells in vitro 
it was not an option for in vivo transduction experiments for obvious reasons. Therefore, we 
analyzed other mouse strains for receptivity for transduction via CD4 including BALB/c 
mice. Although expression levels and sequence of CD4 is identical to B6-mice, BALB/c-
derived CD4+ T cells were surprisingly permissive for transduction mediated by MVm4-
pseudotyped vector particles. 
 
Lipid rafts are known to play a pivotal role in T cell signaling and formation of the 
immunological synapse after TCR engagement.187,188 It is obvious that also the T cell co-
receptors CD4 and CD8 have to be present in lipid rafts at a certain point of time.189 
Differences in lipid raft organization between CD8+ and CD4+ T cells as well as between 
mice of different genetic backgrounds have been described and also attributed to differences 
in immunological reactions towards pathogens observed between B6 and BALB/c mice for 
example.190–192 These observations and the data generated within this thesis lead to the 
hypothesis that the CD4 molecule, although being identical in sequence and similarly 
expressed, is differently compartmentalized in B6 compared to BALB/c mice. While in B6 
mice CD4 is mostly located within the more rigid lipid rafts, in BALB/c mice it is located 
outside of lipid rafts. Since by definition lipid rafts are areas of higher rigidity and molecules 
in lipid rafts have less degree of freedom it seems likely that viruses binding to entry gates 
located permanently in lipid rafts are not able to initiate fusion of the viral and (in this case 
highly rigid) cell membrane. Although direct evidence is missing, this hypothesis explains all 
observations made during the course of experiments performed in this study. First, confocal 
microscopy revealed that GFP expression, indicating virus bound to CD4, is not evenly 
distributed on the surface of the cell, but rather concentrated at distinct parts of the surface. 
Second, the artificial increase of CD4 expression on B6-derived T cells probably led to such 
high levels of CD4 molecules on the cell surface, exceeding the capacity of lipid rafts. Thus, 
surplus CD4 molecules resided in non lipid raft areas leading to successful transduction of 
B6-derived T cells. 
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Direct evidence for above-mentioned speculations can be obtained either by staining of CD4 
molecules and lipid raft markers like e.g. GM1 to identify co-localization in B6-derived T 
cells or by isolating lipid rafts from B6 and BALB/c mice by detergent extraction and sucrose 
gradient fractionation and analyzing molecules present by mass spectrometry. 
 
One fundamental idea of this project was to transduce both main T cell subsets, CD4+ and 
CD8+, simultaneously in vitro and in vivo with different transgenes and to subsequently 
analyze the potential benefits of this approach for immunotherapy of cancer and infectious 
disease. During the course of experiments, however, B6 has proven futile for our intentions. 
Nevertheless, BALB/c-derived CD4+ and CD8+ T cells were permissive for transduction 
mediated by MVm4- and MVm8-pseudotyped vector particles, respectively. As a 
consequence a tumor model on BALB/c background, including two antigen-positive 
(Influenza hemagglutinin protein) progressor tumor cell lines, two MHC I-restricted antigen-
reactive TCRs with different affinities and one MHC II-restricted antigen-reactive TCR was 
established in our lab (C.P. Kemna, unpublished data).193–195 This system allowed first 
successful in vivo transductions of CD8+ and CD4+ T cells and will enable us to analyze the 
interplay of both subsets in tumor immunotherapies. 
 
4.4 CD8+ T cells are transduced in vivo and built up a protective immunity 
4.4.1 Kinetics of in vivo-transduced T cells mimic natural immune responses 
Within the scope of this thesis we were able transduce B6-derived T cells in vivo by 
systemic application of MVm8-pseudotyped vector particles and analyze their effector 
functions. 
To be able to analyze successful in vivo transduction events, a read-out system based on 
luciferase expression and Rag2-/- mice was established. MVm8-pseudotyped vector particles 
harboring genes encoding for the OT-I TCRαβ chains and a firefly luciferase were i.v. 
injected into Rag2-/- mice, which were previously repopulated either with B6-derived 
polyclonal or P14-Rag-/- mice-derived monoclonal T cells. Comparing both donor T cells, 
using similar amounts of viral particles and CD8+ T cells per recipient mouse, in vivo 
transduction was more successful in the monoclonal setting (table 2 & 3). This was probably 
not due to differences in initial transduction efficiencies but rather because of less competition 
between endogenous tumor-reactive and transduced T cells favoring the outgrowth and thus 
the increase in luciferase signal of the transduced T cell population in the monoclonal setting. 
In order to detect rare in vivo transduction events irradiated OVA+ tumor cells are injected s.c. 
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into the flank of recipient mice. This leads to an accumulation and expansion of T cells 
reactive against OVA and other foreign tumor antigens in B6 mice.196 Thus, transduced T 
cells have to compete with endogenous tumor-reactive T cells present in the polyclonal 
repertoire of B6 mice for survival factors and antigen HLA complexes. In the monoclonal 
setting, however, there is no competition since all T cells harbor a TCR reactive to LCMV-
gp33, which is not present in the irradiated tumor cells. Thus, the full potential of in vivo-
transduced T cells can be visualized and luciferase signals in the monoclonal setting reached 
values approximately ten-fold higher than in the polyclonal setting. In retrospective, the 
efficiency of in vivo transduction in the polyclonal setting was presumably underestimated. 
 
Nevertheless, in both settings in vivo transduction was stable over time in terms of transgene 
expression as well as presence of transduced T cells. Kinetics and homing of T cells 
developed as expected. Initial luciferase signals were mostly detected in the draining lymph 
nodes. Analogous to a natural infection, where naïve antigen-specific T cells are primed by 
APCs in secondary lymphoid organs, e.g. lymph node, we assume that APCs took up antigen 
at the injection site from irradiated MC38-OVA cells and homed and transported to the 
draining lymph nodes where they primed naïve transduced T cells. Next, primed T cells 
homed towards the site of antigenic stimulation and expanded until reaching a peak value 
after which the population contracted again. Finally, no luciferase signal in mice was 
detectable anymore. In cases, where irradiated MC38-OVA cells were injected into one flank 
and OVA- MC38 cells were injected into the contralateral flank luciferase signals were only 
detectable at the site of OVA+ tumor cells and respective draining lymph nodes, proving the 
antigen-specific homing of transduced T cells. Subsequent boosting of mice using irradiated 
OVA+ tumor cells resulted in reconstitution of the luciferase signal again at site of stimulation 
directly without any detectable signals from draining lymph nodes. Both, onset and extinction 
of the luciferase signal was faster relative to initial priming. The omission of the draining 
lymph node as well as the faster kinetics hints towards a memory response. 
Transduced T cells were detectable up to 69 days after in vivo transduction in the polyclonal 
setting and up to 90 days in the monoclonal setting. 
4.4.2 Alternative tumor models to study in vivo-transduced T cell-mediated tumor immunity 
First attempts to show the protective capacity of in vivo-transduced T cells against MC38-
OVA cells failed. Either the tumor was given too early and grew out in all mice, irrespective 
of injection of MVm8-pseudotyped vectors or PBS, or the tumor cells were given after a 
prime-boost protocol and did not form in any of the mice. In these experiments polyclonal T 
cells were used and as mentioned above they endogenously harbor OVA-reactive T cells. 
   
64 
However, the precursor frequency of these cells was probably not high enough to fight an 
aggressive progressor tumor with fast growth kinetics such as MC38-OVA. Only after a 
prime-boost protocol, the endogenous T cells were capable of preventing the formation of 
MC38-OVA tumors. In conclusion, in the polyclonal setting it was not possible to 
discriminate between the anti-tumoricidal effects of the endogenous and transduced tumor-
reactive T cells. 
Therefore, we turned to the monoclonal setting. In this experiment six out of six mice 
showed luciferase signals after injection of MVm8-pseudotyped vector particles, whereas two 
mice that received PBS showed no signal at all. All mice were primed and boosted once. 
Next, we s.c. injected a tumorigenic dose of MC38-OVA tumor cells into the flank of each 
mice. In contrast to our expectations tumors formed in all mice with similar kinetics, although 
luciferase signals coming from the site of the tumor was detectable over the complete period 
of the experiment. This means that transduced T cells successfully homed to the tumor but 
had no impact on tumor outgrowth. MC38 has been described to express PD-L1 and to form a 
suppressive tumor microenvironment. Usage of anti-PD-1 and anti-CTLA-4 treatments 
resulted in significantly more potent therapies of MC38 tumors.197,198 Therefore functional 
analysis of in vivo-transduced T cells should be repeated with less aggressive tumors as for 
example EG.7, an OVA-expressing derivative of EL4.199 Another option is to combine 
immunotherapy using in vivo-transduced T cells with checkpoint inhibitors, which have been 
shown to be effective if a tumor-reactive population of T cells is present. In vivo transduction 
might generate this population. 
 
4.4.3 Protective immunity against bacterial infections by in vivo-transduced T cells 
In parallel to tumor models we also used an infectious disease model to gain insights into 
the functionality of in vivo-transduced T cells. It was shown that few OT-I TCR+ CD8+ T 
cells are sufficient to mediate protective immunity against an otherwise lethal infection by 
LM-OVA.200,201 In vivo-transduced as well as control mice were systemically infected with 
LM-OVA. Luciferase signal, with varying intensities, was detectable in all mice injected with 
MVm8-pseudotyped vector particles but not in control mice. Four to five days after injection 
of LM-OVA, mice were sacrificed and bacterial colony forming units per spleen were 
analyzed. Mice showing substantial amounts if in vivo-transduced T cells, assessed by 
luciferase imaging, were approximately ten times better protected against LM-OVA 
compared to control mice. This experiment has been performed twice so far and will be 
repeated. We assume that longer incubation times of infected mice will result in even more 
pronounced differences between treated and control mice. This protection experiment was 
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performed in the monoclonal setting, meaning that untreated mice (PBS) have no protective 
immunity against LM-OVA, whereas the transduced T cells present in the treated group 
might need longer than four to five days to execute their full protective functionality. In 
addition to the analysis of bacterial colony forming units in spleen, a survival experiment will 
also be performed. By this, we should be able to more precisely characterize the protective 
functionality of in vivo-transduced T cells. 
 
Taken together, this thesis provides the first evidence that in vivo transduction of CD8+ T 
cells by systemic application of targeting vectors leads to functionally engineered T cells. 
 
4.5 Targeting vectors in clinical applications 
Adoptive immunotherapy using ex vivo engineered T cells has proven to be a powerful and 
feasible tool to treat leukemias and will further expand to create similar results for solid 
cancers in near future. Solid tumors are harder to treat because (i) tumor cells are not readily 
accessible because of the surrounding tumor stroma and (ii) an established tumor creates a 
microenvironment impinging on immune cells. One possible way to break tolerance of solid 
tumors is the combination of tumor-reactive CD4+ and CD8+ T cells. 
This thesis provides the tool to generate a combinatorial therapeutic T cell product without 
the need of further manipulations, like for example cell sorting procedures. 
 
The potential use of in vivo transduction for immunotherapy, in the light of the recent 
successes of ex vivo engineered T cells, has to be further validated. However, also for ex vivo 
transduction it took decades to be now a valuable therapeutic approach.202 One possible use 
might be prevention of tumor formation in high-risk cancer patients using TCRs targeting 
shared tumor-specific mutations identified for their tumor entities. In this case, it might also 
be of interest to include elements down-regulating the expression of checkpoint molecules 
like PD-1 or CTLA-4, e.g. by RNA interference. This would lead to engineered tumor-
reactive T cells being refractory to suppressive features of a newly developing tumor. In 
addition, the selective inhibition of checkpoints using this approach avoids negative side 
effects attributed to systemic application and broad range activation of T cells by current 
antibody-based checkpoint inhibitions. A setting that can be tested in future mouse 
experiments including PD-L1+ or CTLA-4+ tumor cell line, otherwise being refractory 
immunotherapy. 
In therapeutic settings in vivo transduction might also be worthwhile for patients with life 
expectancies less than 6 months and not being suitable for lymphodepletion.203 In this case, 
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transducing T cells directly in vivo with tumor-reactive TCRs and down regulating checkpoint 
molecules, either paralleled by ex vivo approaches or alone, might lead to a prolonged 
survival and possibly a curative effect. 
 
In vivo transduction in immune-competent hosts is subject to a number of obstacles, beyond 
reaching sufficient titers and targeting the correct type of cell subset. Almost every individual 
has MV-reactive antibody titers either due to vaccination or to natural infections.204 
Therefore, systemically applied MV-pseudotyped vector particles are likely to be neutralized 
by the hosts’ adaptive immunity before reaching their respective target cells. Immunity is 
almost exclusively directed against a limited number of epitopes present on MV envelope H 
protein.205,206 Analysis of natural MV escape variants led to the discovery of specific 
mutations in two immunodominant epitopes and altered glycosylation patterns.207–212 Based 
on this observations mutated variants of MV H protein were developed, which are not 
neutralized by blood derived from immunized individuals allowing them to transduce their 
targets in vivo.213 Another report has demonstrated that addition of a targeting domain, in this 
case three different scFvs, to mutated H protein blinded for its natural receptors partially 
protects MV-pseudotyped vector particles from neutralization.214 Retargeted MV vector 
particles maintained their transduction abilities at low serum concentrations, whereas wild 
type MV variants were neutralized. At higher concentrations retargeted vector particles still 
performed appr. four-times better compared to wild type variants. Protection probably results 
from the targeting domains sterically hindering neutralizing antibodies to bind and by deletion 
of antibody binding sites by insertion of four distinct point mutations for blinding of the H 
protein.144 Specifically mutating the two most dominant epitopes and altering the 
glycosylation pattern of retargeted H proteins might result in complete protection of MV-
pseudotyped vector particles and their untroubled use for in vivo transduction in human 
individuals. 
 
As mentioned above, in the light of increase of viral titers, envelope glycoproteins derived 
from other members of the paramyxovirus family can also be used as retargeted pseudotypes 
for LV, and most probably also for gRV, vectors.168 Nipah viruses, together with Hendra and 
Cedar virus, form the genus henipavirus within the paramyxovirus family. Natural hosts are 
fruit bats of Pteropodidae family, Pteropus genus. Although seldom Nipah virus can infect 
humans, being asymptomatic to causing fatal encephalitis. It can be transmitted by uptake of 
fruits contaminated by infected bats, by intermediate hosts like pigs or even by human-to-
human transmission.215 Tupaia viruses on the other hand have not been reported to infect 
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humans so far. As part of gene transfer tools, both, Nipah- and Tupaia-derived envelope 
glycoproteins might be highly valuable. First, because infection is very rare or absent and 
second, there are no immunizations known to elicit immunity against those glycoproteins, 
although after in vivo transduction immunity against those pseudotypes might develop. But, if 
a certain treatment demands successive injections of targeting vectors the sequential use of 
differently pseudotyped vector particles might avoid neutralization of the targeting vectors 
induced by preceding injections. Thus, they might be highly valuable alternatives for MV-
pseudotyped targeting vectors, especially sine retargeting was already successful using Nipah  
and Tupaia envelopes.  
 
Probably the biggest challenge of translating the targeting technology from murine model 
systems to humans in clinical settings will be the efficient transduction of high numbers of 
non-dividing cells, in our case of T cells, in vivo. LV vectors are able to transduce resting 
primary human T cells under certain conditions in vitro, but if that is also the case in vivo still 
has to be proven.216–218 On the other hand, adeno-associated vectors (AAV) can infect non-
dividing cells and have also been already successfully redirected to new specificities.219 
Disadvantages of AAV systems are their high immunogenicity and mostly episomal 
being.220,221  
 
In conclusion, the retargeting technology has made great advances in the recent years. It is a 
highly flexible system, regarding its targets, the type of targeting domains, the type of transfer 
vectors, the origin of glycoproteins as well as the indications it can be useful for. Crossing the 
boarder from basic to translational science, the targeting technology will soon be a valuable 
tool in clinical settings. 
 
4.6 Costs of immunotherapies and ethical considerations 
Individualized medicine is regarded to revolutionize the ability of man to manipulate and 
sustain health. Recent successes especially, but not exclusively, in the field of cancer 
immunotherapies, have raised expectations of experts from academia as well as industry and 
also reached popularity in general public, maybe comparable to the complete sequencing of 
the human genome in 2000.222–226 The journal Science has declared cancer immunotherapy as 
breakthrough of the year 2013 and the genome editing technology CRISPR breakthrough of 
the year 2015.227,228 Both announcements are highly important for the current and future 
status of adoptive therapy using TCR- or CAR-engineered T cells. In the midst of all this 
(justified) enthusiasm, however, also critical voices are breaching through. From the scientific 
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and individual patient point-of-view individualized medicine has enormous power to 
understand and treat diseases, which were inaccessible to scientists and medical doctors a few 
years ago. But from the public view the therapeutic benefits have to be in accordance to the 
resources being invested. 
Medical products have never been as expensive as in the era of immunotherapies.229 This is 
mostly due to the nature of individualized medical cell products, which have to be generated 
again and again for each patient and his unique disease (e.g. tumors) as opposed to off-the-
shelf products, which can be produced once in large amounts for everyone. Being a 
fundamentally new approach also infrastructure is lacking. So, far, it is not clear how such 
infrastructures for individualized cancer therapies might look like. Two scenarios are 
possible: (i) decentralized small units evolve, each comprising the expertise, facilities and 
staff needed or (ii) a central (e.g. national or Europe-wide) unit is established, handling the 
physical generation of the therapeutic cell product, which is then distributed to smaller units, 
where the patients are treated. Nevertheless, investing huge amounts of money is necessary to 
develop aforementioned structures. The ideal individualized course of therapy for a cancer 
patient starts with the sequencing of his cancer genome in order to identify molecular targets 
for either checkpoint inhibitors or for adoptive T cell therapy. In case of engineered T cell 
therapy, the next step includes the identification of at least one suitable TCR or CAR, 
optimally being tumor-specific. Last, autologous T cells from the patient are stably 
engineered to express the given receptor, expanded to therapeutical numbers and reinfused. A 
form of therapy that will cost 100.000s of Euros per patient and treatment cycle. 
Undisputedly, the interest of big pharma and industry to invest in the field of T cell therapy 
has increased remarkably since the recent successes of CD19-CARs in ALL.102,229 But 
reimbursement-orientated companies want to know if the national health care systems are 
willing to finance each patient. Regarding the ever-increasing amount of cancer patients this 
is not likely. Rather, the national health care systems will require information about the 
efficacy of treatment for each patient - an individualized risk assessment. This requirement is 
partly met by prescreening of patients, for example by analyzing their tumor biopsies for 
expression of inhibitory ligands or mutations, but that might not be sufficient to decrease the 
amount of eligible patients to a number that is bearable by society. At one point the health 
care system has to decide which patient has better chances for survival, and thus is worth to 
be invested in, and which one is not. Ultimately this leads to the necessity of being able to 
measure health itself. The national institute of care & health excellence (NICE) in Great 
Britain has developed a tool meant to do so. The so-called “Quali-System” is a tool to 
measure health in terms of duration and quality of years of lives extended by a certain 
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therapy.230 For example if a therapy extends patients life for one year without any decrease in 
life quality, that equals 1 quali. If life is extended for a year but the quality of life is decreased 
by 50%, that equals 0.5 quali and so on. Each quali is financed with 20 – 30.000 £. The 
quality of life is assessed by question-based interviews. Although one can discuss the actual 
use of such a tool, it highlights the need of authorities to find objective rules to adapt to the 
changing conditions in medicine. 
 
Finally, being driven by nature to extend our lives and to maintain our physical integrity, we 
have to decide as society how much of the value we generate we are willing to invest into 
each individual. Certainly, from the patients or family members point-of-view it might seem 
superfluous and even cruel, but keeping the bigger picture of functioning societies in mind it 
is an inevitable discussion. 
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5 Material and Methods 
5.1 Molecular biology 
5.1.1 Generation of MP71 plasmids 
A description of MP71 plasmid constructs generated in this thesis is summarized in table 4. 
Details regarding the cloning procedure are described in subsequent paragraphs. 
 
Table 4   List of plasmids 
 
RNA-extraction and cDNA generation was performed in order to isolate genes from 
primary tissue origin. Cells were pelleted, lysed and RNA was extracted (RNeasy Mini Kit, 
Qiagen, Hilden, Germany). Total cell RNA was reverse transcribed into cDNA using 
SuperScript® II Reverse Transcriptase and oligo(dT)20 primers (both Invitrogen, Life 
Technologies, CA, USA). All steps were performed according to manufacturer´s instructions. 
 
Polymerase chain reaction (PCR) was performed to amplify gene sequences from cDNA 
or template DNA plasmids using gene specific primers (Eurofins MWG Operon, Martinsried, 
Germany) harboring individual restriction sites, and the Phusion (Thermo Scientific, MA, 
USA) or Taq (Invitrogen) DNA Polymerase. 
 
Restriction digest of inserts and plasmid backbones generated compatible overhangs 
(sticky-end). To prevent relegation of plasmid backbones after linearization alkaline 
phosphatase treatment (Roche, Basel, Switzerland) was performed twice for 30 mins at 37°C. 
Plasmid  
(MP71-) 






-mCD8α murine T cell sticky-end EcoRI, NotI 58m8 cell line 
-mCD4 murine T cell sticky-end EcoRI, NotI 58m4 cell line 
-hCD8α human T cell sticky-end EcoRI, NotI J76S8 cell line 
-hCD150 human T cell sticky-end EcoRI, NotI J76S8 cell line 
-mCherry plasmid sticky-end EcoRI, NotI marker gene 
-trOVA-IRES-GFP plasmid sticky-end SalI, NotI 
MC38-trOVA 
Glia-trOVA 
-cOVA-IRES-GFP plasmid sticky-end SalI, NotI 
MC38-cOVA 
Glia-cOVA 
-OT1-RLuc plasmid sticky-end DraIII, EcoRI in vivo transduction 
-OT1-FLuc plasmid sticky-end DraIII, EcoRI in vivo transduction 
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Both, the amplicons and the plasmid backbones were purified by gel electrophoresis using 
Invisorb Fragment CleanUp kit (Stratec, Berlin, Germany).  
 
Ligation of inserts and linearized plasmid backbones took place at a molar ratio of 3:1 
using the Rapid DNA Ligation Kit (Roche).  
All plasmids were verified by sequence analysis (Eurofins MWG Operon & 
SourceBioscience, Nottingham, UK). 
 
DNA preparations were performed to propagate plasmid DNA in transformed bacteria. 
DNA was isolated using either Invisorb Spin Plasmid Mini Two Kit (Stratec) or Qiagen 
Plasmid Maxi Kit (Qiagen). 
5.1.2 Generation of targeting domains 
Targeting domains presented in this thesis and their specific characteristics are summarized 
in table 5. 
Table 5   List of hybridomas for generation of targeting domains 
 
GK1.5 and 2.43 hybridomas were a kind gift from Prof. Thomas Blankenstein (MDC, 
Charité, Berlin). Other hybridomas were purchased from Public health England (PHE, 
Salesbury, UK). 
All targeting domains were generated identically. RNA was isolated from 1x107 hybridoma 
cells, as described above, and cDNA was generated by Taq DNA polymerase (Invitrogen) 








hybridoma Origin of B cell Origin of myeloma specificity Iotype ATCC / PHE 
2.43231 rat mouse mLyt2.2 IgG2b TIB-210 
GK1.5232 ratx mouse (BALB/c) mL3T4 IgG2b TIB-207 
YTS 177.9.6.1233 rat rat (Y3.AG.1.2.3) mL3T4B IgG2a 11060819 
YTS 191.1.1.2234 rat rat (Y3.AG.1.2.3) mL3T4B IgG2b 87072282 
YTA 3.1.2235 rat rat (Y3.AG.1.2.3) mL3T4B IgG2b 89040603 
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Table 6   List of primers used for identification of antibody sequences 
 
Resulting cDNAs were elongated with a poly-C-tail using a terminal deoxynucleotidyl 
transferase (TDT) and subsequently deployed to 5´-RACE-PCR (Thermo Fisher Scientific, 
Dreieich, Germany) using the primers rCK-rev, rG2b-rev, rG2a-rev and ATL (table 6). 
Purified amplicons were ligated into the pCR4Blunt-TOPO® vector using the Zero Blunt 
TOPO PCR Cloning Kit for Sequencing and transformed into One Shot chemically competent 
bacteria (Invitrogen, Life Technologies). Plasmid DNA from individual bacterial colonies 
were prepared and sent for sequencing in order to obtain heavy and light chain variable region 
sequences depicted in table 7 (Eurofins MWG Operon & SourceBioscience).  
Resulting sequences were in silico analyzed by comparing their sequences with deposit 
amino acid sequences from IMGT (performed by Irene Schenider, PEI, Langen). Heavy and 
light chain variable region sequences were fused using a glycine-serine-linker ((G4S)3) in 
silico in order to generate scFv fragments. Complete constructs harboring respective cloning-
sites (Not1, Sfi1) were ordered from GeneArt (Thermo Fisher Scientific) and cloned into the 
pHL3 vector harboring a blinded variant of the MVvc H protein, which was a kind gift of 










name abbreviation sequence (5´à  3) template 
rat Ckappa rIgck TGC CAT CAA TCT TCC ACT TGA CA mRNA 
rat IgG2a/2b rIgG2ab AAY TTT CTT GTC CAC CTT GG mRNA 
rat kC643-rev rCk-rev AGG ATG ATG TCT TAT GAA CAA cDNA 
rat IgG2b-rev rG2b-rev CGT CAT GTC GAC GGA TCC AAG CTT GTC 
ACG GTG ACT GGC TCA GG 
cDNA 
rat IgG2a-rev rG2a-rev CGT CAT GTC GAC GGA TCC AAG CTT AAT 
AGC CCT TGA CCA GGC AT 
cDNA 
ANGTAIL ATL CGT CGA TGA GCT CTA GAA TTC GCA TGT 
GCA AGT CCG ATG GTC GGG GGG GGG GGG 
G 
cDNA 
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Table 7   List of scFvs 
Underlined: linker. Italic: CDR3 region 
5.1.3 Generation of H tail variants 
Hm8-Δ18 was used as a template to generate two PCR products (368 bp and 186 bp), which 
were subsequently fused together by an annealing-PCR to generate an amplicon harboring the 
Δ21A tail variation (531 bp). The phusion DNA polymerase (Thermo Fisher scientific) was 
used for each of the three PCRs. 
The final amplicon as well as Hm8-Δ18 and Hm4-Δ18 were digested by MunI and XbaI and 
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Table 8   List of primers used for generation of HΔ21A variants 
Italic: restriction sites, underlined: additional alanine 
5.2 Cell culture 
5.2.1 Virus production protocols 
Small-scale virus production was performed for all viral particles generated in this thesis 
except those that were pseudotyped with MV-derived glycoproteins. PlatE and 293T cells 
were seeded 24 hrs before transfection at a concentration of 0.8x106 cells per well to reach an 
optimal confluence of ca. 80% at the timepoint of transfection. Ecotropic vector particles 
were generated by transiently transfecting 18 µg of transfer-vector plasmid DNA into 293T-
based PlatE retroviral packaging cells, already harboring gag, pol and env genes, by 
calciumphosphate precipitaion.238 Accordingly, amphotropic (10A1) or pantropic (VSV) 
vector particles were generated by transiently transfecting transgene-encoding (gRV, SIN-
gRV or SIN-LV harboring marker genes or TCRs), env- (pALF-10A1; pMD2.G, a gift from 
Didier Trono)239 and gag/pol-encoding (pcDNA3.1-MLVg/p, provided by C. Baum, Medical 
School, Hannover; psPAX2, a gift from Didier Trono) plasmids (6 µg of each plasmid) into 
293T cells. Therefore, DNA-containing 250 mM calcium chloride solution (Sigma Aldrich, 
Seelze, Germany) was mixed with the same volume of transfection buffer (1% HEPES, 1.5 
mM Na2HPO4, 270 mM NaCl, 10 mm KCl, pH 6.76, all: Sigma Aldrich), incubated for 15 
mins and added to the cells. After 6 hours medium was exchanged and cells were cultured for 
additional 42 hrs before harvesting the virus-containing supernatant. The supernatant was 
filtered (0.45 µm) and either used directly for transduction or frozen at -80°C or concentrated 
via ultracentrifugation and then frozen. 
 
Large-scale virus production was performed for all MV-pseudotyped vector particles. 
1.4x107 293T cells were seeded into one T175 flask 24 hrs before to reach an optimal 
confluence of ca. 80% at the timepoint of transfection. Then medium was exchanged with 11 
ml FCS-free medium. Transfection was mediated by polyethylenimine (PEI, SigmaAldrich). 
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genes or TCRs), the gag/pol-encoding pcDNA3.1-MLVg/p or psPAX2 and the MV-H- and F-
encoding plasmids (total: 70µg; H:F:g/p:MP71 = 0.06:0.31:0.95:1) were mixed together with 
310 µl of 5% glucose (Merck, Darmstadt, Germany). In parallel 70 µl of PEI was mixed with 
310 µl of 5% glucose in another tube. Both solutions were vortexed at intermediate to low 
speed and incubated at room temperature for ten mins before being mixed with each other, 
vortexed and incubated for additional ten mins. Finally, 2.25 ml of FCS-free medium was 
added to the transfection-solution (total volume: 3 ml). The resulting transfection-reagent is 
added to the cells. Six hrs later 10% FCS (PAN Biotech, Aidenbach, Germany) is added. 
Additional 48 hrs later the supernatant is harvested, filtered (0.45 µm), concentrated via 
ultracentrifugation, aliquoted and frozen at –80°C. 
 
Ultracentrifugation was performed using an Optima XPN-80 Ultracentrifuge (Beckman-
Coulter, Brea, CA, USA). 16-18 ml of virus-containing supernatant was filtered and collected 
into one Ultracentrifugation tube and underplayed with 4.5 ml of 20%-sucrose (Sigma, 
Kawasaki, Japan). After three hrs at 4°C and 100,000g the supernatant was discarded and the 
virus pellet was resuspended in 50 or 100 µl of DPBS (Gibco, Thermo Fisher Scientific) by 
pipetting up to 40-times. Supernatant derived from 12 T175 flasks could be concentrated in 
one round of centrifugation. Virus-containing DPBS was pooled and aliquoted again before 
freezing and use. 
 
 End-point titration of virus stocks was performed by transducing susceptible cell lines in 
a serial dilution. 2.5-50 µl of virus-containing DPBS was filled up to 200 µl with medium in 
the first well and then diluted in 1:2 steps in a 96-well plate in medium. Each well comprised 
a volume of 100 µl in the end. Then 1x104 cells in 100 µl were added to each well. 
Additionally, protaminesulfate (4µg/ml final, SigmaAldrich) was added to aid transduction of 
target cells. The cells were cultured for 48-72 hrs before FACS analysis. Titer was determined 
by calculating the amount of functional viral particles per ml in each well with transduction 
rates between 1-30%, ensuring single-copy transductions. For each titration the average of 
calculated values was determined as final value for TU/ml. Each titration was performed at 
least in duplicates. 
5.2.2 Generation of cell lines 
Cells were transduced by vector particles harboring the respective transgenes (tables 4 & 9) 
either generated by transfecting PlatE (murine) or 293T (human) cells. Bulk-transduced cells 
were analyzed for the presence of the transgene via flow cytometry. If necessary cell surface 
expression of the transgenes was verified by antibody staining and flow cytometry. Bulk 
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populations of cells were then single-cell sorted into 96-well plates (flat bottom) prefilled 
with 200 µl of respective medium via flow cytometry assisted cell-sorting on an Aria II-
device (BD Biosciences). In each case a life-dead staining was performed using Sytox-blue 
(Biolegend, San Dieso, CA, USA). The 96-well plates were then incubated for ca. 10-14 days 
at 37°C and 5% CO2. Cell populations derived from single cells were analyzed for clonality 
and transgene-expression via FACS. Selection criteria included a uniform forward and 
sideward scatter profile as well as high and stable transgene-expression. Candidate clones 
were analyzed repeatedly over a time period of at least four weeks. The final clone was 
expanded to high cell numbers and frozen at two different time points. 
 
Table 9   List of cell lines 
 
5.2.3 Isolation and culture of primary murine T cells 
C57BL/6 and BALB/c (Charles River, Wilmington, MA, USA & Taconic, Boston, 
MA,USA) mice were killed by cervical dislocation and spleens were prepared as single cell 
suspensions. Removal of red blood cells was achieved by ammonium chloride treatment (150 
mM NH4Cl (Merck), 1 mM KHCO3, 100 nM Na2EDTA (both: Roth, Karlsruhe, Germany)). 
Cell density was adjusted to 2x106 cells/ml in T cell medium (RPMI, 10% FCS, 1% 
Penicillin/Streptomycin, 1% Sodium-pyruvate, 1% non-essential aminoacids; all Gibco, 
Thermo Fisher Scientific) and supplemented with 1 µg/ml anti-mouse CD3 and 0.1 µg/ml anti 
–mouse CD28 monoclonal antibodies (BD Biosciences, Pharmingen, Heidelberg, Germany) 
and 10 U/ml recombinant IL-2 (Chiron, Marburg, Germany) 24 hrs after isolation cells were 
either adoptively transferred into mice or transduced in vitro. Each two to three days the 
supernatant of primary T cell cultures were exchanged completely with fresh T cell medium 
containing IL-2 and cell density was adjusted to 2x106 cells/ml. 
Cell line Cell type purpose 
58m4 Murine thymoma Indicator cell line for testing viral supernatants 
58m8 Murine thymoma Indicator cell line for testing viral supernatants 
J76S8 Human T cell (ALL) Indicator cell line for testing viral supernatants 
MC38-cOVA-iGFP Murine colon carcinoma Target cell line for OTI-TCR-transduced T cells 
MC38-trOVA-iGFP Murine colon carcinoma Target cell line for OTI-TCR-transduced T cells 
Glia-cOVA-iGFP Murine glioma Target cell line for OTI-TCR-transduced T cells 
Glia-trOVA-iGFP Murine glioma Target cell line for OTI-TCR-transduced T cells 
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5.2.4  Ex vivo transduction protocols 
Primary T cells (1x106/well/ml) and cell lines (1x105/well/ml) were transduced in their 
respective culture medium in RetroNectin-coated (12.5 µg/ml, TaKaRa, Saint-German-en-
Laye, France) 24-well non-tissue culture plates. In case of primary T cells beads coated with 
anti-mouse CD3 and anti-mouse CD28 antibodies were added (1x104/ml). After addition of 1 
ml virus supernatant, supplemented with protamine-sulfate (final: 4 µg/ml) the plates were 
centrifuged for 90 mins at 800g and 32°C. Cells were incubated at 37°C and 5%CO2 as 
described above. Transduction efficiency was measured earliest 48 hrs after centrifugation 
and functional assays were performed 10-14 days later. 
5.2.5 Antibody blocking experiments 
Monoclonal antibodies blocking either mCD4 or mCD8a (Santa Cruz Biotechnologies, 
Dallas, TX, USA) or an IgG2b-Isotype (Biolegend) were serially diluted in 1:2 steps in 25 µl 
T cell medium in a 96-well round-bottom plate before 1x104 58m4 or 58m8 cells/25µl/well 
were added. The plates were incubated for two hrs at 37°C and 5% CO2 and washed twice 
before 200 µl of titer-equilibrated (MOI=1) MVm4- or MVm8-pseudotyped GFP-encoding 
vector particles supplemented with protamine sulfate (final: 4µg/ml) were added. 
Transduction efficiency was analyzed 48 hrs later by flow cytometry. 
5.2.6 Confocal microscopy 
Primary B6-derived T cells were activated and transduced with MVm4 gRV/GFP or Eco 
gRV/GFP as. One day later cells were stained for expression of CD3 with a brilliant violet 
conjugated antibody (Biolegend) and imaged using two-photon microscopy and a Leica SP 5 
microscope and LAS AF software (Leica microsystems, Heerbrugg, Switzerland). 
5.3 Functional assays 
5.3.1 Flow cytometry 
Expression of surface antigens was detected by incubation of 5x105 to 1x106 cells with 1 µg 
of specific monoclonal antibodies conjugated with either allophycocyanine (APC), 
phycoerythrine (PE), fluorescin isothiocyanate (FITC) or brilliant violet (BV) in 50 µl PBS 
for 30 mins at 4°C (see table 10). Cells were washed twice with phosphate-buffered saline 
(PBS) and analyzed by FACS (MacsQuant, Miltenyi, Teterow, Germany). Data was analyzed 
with FlowJo (Treestar, Ashland, Oregon, USA). Discrimination of living and dead cells was 
accomplished by incubation of stained cells with Sytox-Blue (Biolegend) 5-10 mins before 
data acquisition. Detection of functional TCR expression on transduced T cells was achieved 
by incubation with MHC multimers for 40 mins at 4°C prior to incubation with antibodies. 
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5.3.2 Coculture and cytokine release assay 
OT-I-TCR-transduced primary T cells and ovalbumin positive tumor cells (table 9) were 
seeded into 96-well round-bottom plates in a 1:1 ratio (each 5x104 cells/well/100µl) in T cell 
medium and incubated at 37°C and 5%CO2 for 16-24 hrs to stimulate antigen-specific 
cytokine release by effector T cells. Coculture supernatant was either frozen at -20°C or 
immediately analyzed for presence and concentration of Interferon γ (IFNγ) by enzyme-
linked immunosorbent assay according to manufacturers instructions (ELISA, BD 
Biosciences). Untransduced effector cells and ovalbumin- tumor cells were used as controls. 
TCR-independent stimulation was achieved by incubating effector T cells with 1 µM 
ionomycin (Calbiochem, Darmstadt, Germany) and 5 ng/ml phorbol-12-myristate-13-acetate 
(Promega, Mannhein, Germany). All coculture samples were performed in duplicates. 
5.4 In vivo experiments 
5.4.1 In vivo transduction protocol 
B6- and P14-derived splenocytes were isolated and activated as described above. 
Splenocytes were washed twice with PBS and injected intravenously into Rag2-/--white 
mice (Rag2-/-) either via the tail-vein or retro-orbitally 24 hrs after isolation. In case of B6 
donor mice ½ a spleen in 200 µl DPBS was injected into one recipient Rag-/- mouse. In case 
of P14 donor mice one spleen in 200 µl DPBS was injected into one recipient Rag-/- mouse. 
Thus similar numbers of CD8+ T cells were transferred (appr. 6x106 CD8+ T 
specificity conjugate manufacturer 
hCD150 PE BD Biosciences 
hCD8 APC BD Biosciences 
hCD8 PE BD Biosciences 
His-Tag PE MACS 
CD3 FITC  
mCD4 PE BD Biosciences 
mCD8 PE Biolegend 
mCD8 APC.Cy7 Biolegend 
Vα2 APC  
Vβ5 PE  
H2kb-SIINFEKL PE Biolegend 
   
OVA-Tetramer PE Beckman-Coulter 
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cells/mouse/200µl). Mice were allowed to rest for 24 hrs before 200 µl DPBS with or without 
viral particles encoding for the OT-I-TCR and a luciferase were injected into the contralateral 
side retro-orbitally. Mice were anesthetized by continuous flow administration of an 
Isofluran-O2-mixture prior to retro-orbital injections. 
On day 5 after injection of viral particles mice were primed either by subcutaneous injection 
of SIINFEKL-peptide (Biosyntan, Berlin, Germany) in conjunction with CpG and IFA or by 
injection of irradiated MC38-OVA cells (5x106 cells/mouse/200 µl, 65 Gy). In some 
experiments OVA- parental cell lines were s.c. injected into the collateral flanks. Imaging of 
mice started on day 12 after injection of viral particles and was performed daily until loss of 
signal. Repeated immunizations (boostings) were performed in four-week intervals. 
 
 
Fig.31 Mouse model for visualization of successful in vivo transduction events 
 
5.4.2 Live imaging of mice 
Mice were anesthetized prior to retro-orbital injection of 100 µl D-Luciferin (Biosynth, 
Staad, Switzerland) i.v. (300 mg/g body weight prepared in PBS) in case of Firefly-Luciferase 
(FLuc) or coelenterazin (Biosynth) dissolved in DMSO (Sigma) and diluted in PBS (100 
µg/100 µL per mouse) in case of Renilla-Luciferase (RLuc). Mice were exposed for 60 sec 
using Xenogen IVIS 200 (Caliper Life Science, Hopkinton, MA, USA). mages were acquired 
for 1 min using medium binning. Images were analyzed using LivingImage analysis software 
(Caliper Life Science). The dimensions of the region of interestvaried based on the tumor and 
mouse size and were set for each experiment at the time point when the tumor was largest. 
5.4.3 Tumor challenge 
Mice were injected s.c. with 1x105 living MC38-trOVA tumor cells into one flank. Tumor 











irr. OVA +tumor cells Rag2-/- 
+ Luciferase-substarte 
Rag2-/- 
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5.4.4 LM-OVA challenge 
Mice were injected i.v. with appr. 4-5x106 OVA-transgenic Listeria monocytogenes per 
mouse. Three days after injection mice were killed by cervical dislocation and the spleen was 
isolated. Single cell suspensions of the individual spleens were prepared and different 
dilutions were plated on Agar. After 24 hrs at 37°C the resulting colonies were counted. 
 
5.5 Statistical analysis  
All data are displayed as mean and the standard error of the mean. Statistical significance 
between 2 groups was determined using unpaired Student t tests. P values are given in the 
figure legends. A p value of less than .05 was considered significant. One asterisk indicates a 
p value of less than 0.05, two asterisks indicate a p value of less than 0.01. GraphPad Prism 5 
(GrapPad, La Jolla, CA, USA) was used for statistical analysis. 
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AAV adeno-associated virus/vector 
ADC antibody-drug-conjugates 
AIDS acquired immunodeficiency syndrome 
ALL acute lymphoblastic leukemia 
APC antigen presenting cell 
B6 C57BL/6 
CD cluster of differentiation 
CAR chimeric antigen receptor 
cDNA complementary DNA 
CDR complementary determining region 
cPPT central poly-purine tract 
CRISPR clustered regularly interspersed short palindromic repeat 
CT cytoplasmic tail 
CTLA-4 cytotoxic T-lymphocyte antigen 4 
D diversity gene segment 
DARPin designed ankyrin repeat protein 
DC dendritic cell 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleid acid 
DP double positive 
Eco ecotropic viral envelope 
ED ectodomain 
EGFR epidermal growth factor receptor 
Env envelope 
F fusion 
F1 fusion domain 1 
F2 fusion domain 2 
FACS fluorescence-activated cell sorting 
FDA U.S. food and drug administration 
Fluc Firefly luciferase 
FP fusion protein 
Gag group-specific antigen 
GALV gibbon ape leukemia virus 
GFP green fluorescent protein 
GMP good manufacturing practice 
GOI gene of interest 
Gp33 LCMV glycoprotein 33 
gRV gamma-retrovirus 
H hemagglutinin 
HBV hepatitis B virus 
HER2 human EGF receptor 2 
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His histidin 
HIV human immunodeficiency virus 
HLA human leukocyte antigen 
HPV human papillomavirus 
IFN interferon  
IL interleukin 
IRES internal ribosomal entry site 
J joining gene segment 
Kb kilobase 
LM-OVA OVA-transgenic Listeria monocytogenes 
LTR long terminal repeats 
Luc Luciferase 
LV Lentivirus 
mAB monoclonal antibody 
MACS magnetic-activated cell sorting 
MFI mean fluorescence intensity 
MHC major histocompatibility complex 
MLV murine leukemia virus 
MOI multiplicity of infection 
MPSV mouse proliferative sarcoma virus 
MP71 MPSV-derived promoter variant 
MV measles virus 
MVvc Edmonston strain of measles virus used for vaccination 
MVm4 murine CD4-specific targeting envelope 
MVm8 murine CD8-alpha-specific targeting envelope 
NICE national institute of care & health excellence 
OT-I OVA-specific TCR 
OVA ovalbumine 
P14 lymphocytic choriomeningitis virus-derived gp33-specific TCR 
PAP prostatic acid phosphatase 
PAMP pathogen-associated molecular pattern 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PD-1 programmed death protein 1 
PD-L1 programmed death ligand 1 
PEG polyethylene glycol 
PEI polyethylenimine 
pMHC peptide-MHC complex 
pol polymerase 
PRE post-transcriptional regulatory element 
RACE rapid amplification of cDNA ends 
Rluc Renilla luciferase 
Rag recombination-activating gene 
RNA ribonucleid acid 
RRE rev-responsive element 
RSV rous-sarcoma-virus 
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RV retrovirus 
scFv single chain antibody fragment 
SIN self-inactivating 
SLAM signaling lymphocyte activation molecule 
TALEN transcription activator-like effector nucleases 
TCR T cell receptor 
Tc cytotoxic T cell 
Tfh T follicular helper cell 
Th T helper cell 
TIL tumor infiltrating lymphocyte 
TM transmembrane domain 
TNF tumor necrosis factor 
Treg regulatory T cell 
V variable gene segment 
VH variable region of heavy chain 
VL variable region of light chain 
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